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1.1 Walking and reflexes 
Walking is a highly automatic performance. It appears simple but in fact, complex 
mechanisms underlie this process. This complexity is revealed when the automaticity 
disappears and walking becomes a conscious activity, requiring attention, for 
example in the case of sickness or trauma. In such cases, walking is impaired and 
has to be relearned. The automaticity is thought to be due to the presence of low 
level circuits  in the central nervous system (for review see Duysens and Van de 
Crommert, 1998). Much of the motor output is already formed at the spinal level. 
This has been studied most extensively in cats, since they are able to walk even 
after a complete spinal cord lesion. In that animal it is well-known that locomotion is 
based on the activity of a neuronal circuit within the spinal cord, the so-called CPG 
(the central pattern generator; Grillner, 1975; see Fig. 1). The CPG is a network of 
spinal interneurons that can produce rhythmic output even in the absence of afferent 
modulatory input. However, this CPG is normally influenced by various input 
sources, such as peripheral afferents, brainstem nuclei and cortical centers (Zehr 
and Duysens, 2004; for review see Dietz, 2003; MacKay-Lyons, 2002).  
In contrast to the large amount of data from cats about the existence of the CPG, 
there is relatively little known about the existence of the CPG in humans. For 
humans, there is only indirect evidence. Nevertheless, there are observations that 
the CPG exists in humans as well (for review see Duysens and Van de Crommert, 
1998). For example, primitive step-like movements are present at birth. And although 
Fig. 1 For a smooth locomotor movement, there is an interaction between the Central Pattern 
Generator (CPG), the afferent feedback, and supraspinal input. (adapted from Zehr and Duysens, 
2004) 
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very rare, rhythmic ‘stepping’ activity is also reported in patients with complete spinal 
cord injury (Kuhn, 1950; Bussel et al., 1988; 1996). In addition, in cats, tonic 
electrical stimulation of the dorsal side of the spinal cord induced locomotor activity 
in low spinalized cats. The same kind of stimulation resulted in myoclonic stepping 
with reciprocal organized EMG activity of symmetric muscles in humans with a 
complete spinal cord lesion at thoracic level (Rosenfeld et al., 1995). 
During gait there is a continuous stream of afferent input, for example from receptors 
in tendons and muscles (such as Golgi tendon organs and muscle spindles) and 
from skin mechanoreceptors. These feed into reflex pathways providing mono- and 
polysynaptic reflexes on spinal interneurons. This reflex activity can assist or disturb 
locomotion and it is therefore important that the central nervous system adjusts the 
transmission in these reflex pathways. For a smooth continuation of the locomotor 
pattern, the CPG must select the appropriate inputs at each stage of movement and 
according to external conditions. As a result some parts of the EMG 
(electromyographic) patterns during gait can be of reflex origin (Van de Crommert et 
al., 1998; Faist et al., 1999a). Reflexes are thought to be important to compensate 
for small irregularities of the ground surface. Inversely, this afferent input can also 
affect the working of the CPG and provide triggers for e.g. phase-transitions 
(Duysens et al., 2000; see Fig. 2).  
Fig. 2 A schematic representation of the CPGs and their coupling. The CPG contains flexor (F), 
and extensor (E) half-centers, which control flexor (Flex.) and extensor (Ext.) muscles. Each limb 
is controlled by a CPG which receives feedback from load and position sensors. There are 
connections between the various CPGs which are important for interlimb coordination. The main 
connections are such that activity in a flexor center on one side normally inhibits the activity in the 
corresponding contralateral flexor center. (adapted from Zehr and Duysens, 2004) 
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1.2 Phase-dependent cutaneous reflexes 
In humans, electrical stimulation of cutaneous nerves elicits reflex responses in 
various muscles. Hugon distinguished two excitatory components with latencies of 
40-60 ms (RII) and 85-120 ms (RIII) in muscles of both legs after stimulation of 
cutaneous foot afferents (in case the sural nerve; Hugon, 1973). A lot of research on 
cutaneous reflexes has been performed in the cat. In analogy with these responses 
in the cat (Abraham et al., 1985; Duysens and Loeb, 1980; Pratt et al., 1991) the 
medium latency responses in humans (with a latency around 80 ms) are also called 
P2 (Duysens et al., 1996). Correspondingly, the early responses in humans (with a 
latency around 50 ms) are defined as P1 responses (see Fig. 3). The P1 responses 
are only present on the side of the stimulation (henceforth called “ipsilateral”) 
whereas P2 and P3 responses appear bilaterally in muscles such as m. Biceps 
Femoris (Fig. 3). 
At birth, only P1 responses are observed in humans (Rowlandson and Stephens, 
1985). However, in adults, the P2 responses are most prominent, especially in the 
legs, whereas P1 responses are much smaller and less consistent. Therefore, most 
research has focused on the P2 reflexes.  
It is known that the size of reflex responses depends on the level of background 
activity (automatic gain control). During walking however, the amplitude of the P2 
Fig. 3 An example of a P1 and P2 response in ipsi- and contralateral m. biceps femoris in a typical 
subject. The P1 response appears only visible at the ipsilateral side. Latencies for the ipsilateral 
side are around 50 and 80 ms for the P1 and P2 responses respectively. 
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response does not always follow the amplitude of the background EMG 
(electromyographic) activity. Instead, the amplitude of the responses depends on the 
phase of the step cycle, in which the stimulation is given (Yang and Stein, 1990; 
Duysens et al., 1990; Van Wezel et al., 1997; Zehr et al., 1997). This is called the 
phase-dependent modulation and it is thought to be dependent on an active 
regulation by the CNS (Duysens et al., 2000). Not only the amplitude, but also the 
direction of the reflex responses can vary during the step cycle. In tibialis anterior 
(TA) for example, facilitatory responses are seen at end stance but suppression 
below the background activity can be observed when the stimulus is applied at the 
end of the swing phase (the so called reflex-reversal; see also Duysens et al., 1990; 
Yang and Stein, 1990; Zehr at al., 1997). Little is known about the phase-dependent 
modulation of the P1 responses in the leg during walking, although less modulation 
of these responses is likely.  
For the P1 responses it is clear that they must depend completely on a spinal 
pathway because the latency is too short to allow a supraspinal loop. In contrast, for 
the P2 responses the latency is long enough for possible supraspinal loops 
(Delwaide et al. 1981; Nielsen et al., 1997). This can explain that phase-dependent 
modulation during walking is clearly deficient in mildly affected spinal cord injured 
patients (Jones and Yang, 1994). Zehr and colleagues observed small or absent P2 
responses during walking in stroke patients, although the basic phase-dependent 
modulation of the responses remained (Zehr et al., 1998). This suggests that the 
cortex is important for the P2 reflexes. In addition to this, magnetic stimulation of the 
cortex results in a facilitation of the corticospinal input on P2 responses (Christensen 
et al., 1999; Pijnappels et al., 1998).  This result is consistent with an important role 
of the pyramidal tract in the modulation of these reflexes. One would therefore 
predict that selective lesions in that pathway would affect these reflexes. This can be 
investigated by studying patients with hereditary spastic paraparesis (HSP). These 
patients have almost exclusively a degeneration of the cortico-spinal tract.  
 
1.3 Influence of (prior) experience on reflexes 
The amplitude of responses is not only influenced by the timing of stimulation, but 
also by the particular context within a given history. For example, the effect of 
stimulation can be altered by prior experience. A widely studied phenomenon is the 
prepulse inhibition of startle responses. When a startling stimulus is preceded by a 
small single pulse (that itself elicits no response), the startle response will be 
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decreased (Koch, 1999; Frost et al., 2003). Similarly, when an H-reflex is preceded 
by a cutaneous stimulation during walking, the amplitude of the responses is 
diminished (Fung and Barbeau, 1994). Whether such suppression is also present for 
P2 responses is still unknown.  
Another example of the importance of prior experience is when the stimulus is 
applied by the subjects themselves rather than by some external source. Such self-
administration can profoundly affect the intensity of the evoked sensation and 
reflexes. The effects on sensation have been studied by several authors. Blakemore 
and co-workers showed that sensation is less intense when a tickling stimulus was 
applied by the subjects as compared by a stimulus applied by a computer 
(Blakemore et al, 2000). During gait the contact with the ground at touchdown can 
also be anticipated quite well. It is known that sensation of cutaneous stimuli is 
reduced just after touchdown (Duysens et al., 1995). This indicates that ‘expected’ 
input from the foot can be filtered out during parts of the step cycle. An internal 
forward model, as suggested by Wolpert could explain such difference in sensation 
between self-produced and externally produced stimuli (Wolpert, 1997; see Fig. 4). 
Is this also true for reflexes? Little is known about the question whether reflexes 
can also be suppressed when being self-induced and whether such effects depend 
on the phase of the step cycle. Electrical stimuli are very convenient because they 
can be well controlled. However, such stimuli are unnatural, and therefore, it would 
be of interest to also know whether responses to more natural stimuli are affected 
when the perturbation is self-induced. Berger et al. (1984) studied self-induced 
Fig. 4 The ‘internal forward model’ as suggested by Wolpert. An efference copy of the motor 
command is used to predict the sensory consequences of the ongoing motor act. This is then 
compared with the actual sensory feedback (re-afference) from the movement. Because self-
produced sensations can be correctly predicted on the basis of motor commands, the resulting 
sensory input is irrelevant and can be suppressed. (adapted from Wolpert, 1997) The original 
suggestion for an efference copy was made by Von Holst and Mittelstaedt (1950). 
Chapter 1  Introduction 
 7
treadmill decelerations and accelerations. They observed that the self-induced 
responses were slightly smaller than the ones observed after externally triggered 
perturbations but this result was mentioned as a side-issue and was not explored in 
depth. Of particular interest are perturbations causing a sudden unloading since 
these occur frequently in real life (for example during a slip). When unloading has 
been studied, it was always directed to leg unloading (Grey et al., 2002; Marigold 
and Patla, 2005; Nakazawa et al., 2004; Nieuwenhuijzen et al., 2002). Hence, it 
would be of interest to develop a paradigm which would allow to study arm unloading 
during gait. To study arm unloading responses, and the influence of a self-applied 
unloading, a new method should be developed to use arms for support during gait 
and to provide the opportunity to induce a brief unloading, triggered either by the 
computer or by the subjects themselves.  
 
1.4 Task- and position dependency of reflexes 
Reflex amplitudes depend on the phase of stimulation, prior experience but also on 
the task performed by the subject. Task dependency has been manipulated by some 
research groups using various conditions which vary in stability and postural 
challenge. Haridas and colleagues (Haridas et al., 2005) performed experiments in 
which subjects walked with different amounts of stability (arms crossed, while 
receiving perturbations, arms crossed and receiving perturbations, and with the 
hands holding to fixed handles). These changes in stability resulted in significant 
changes in reflex responses after stimulation of the peroneal nerve (Haridas et al., 
2005). The task-dependency of sural nerve responses has been studied as well. 
During walking, the P2 responses due to electrical stimulation of the sural nerve are 
relatively easy to elicit (Duysens et al., 1993; 1995). In contrast, during standing, it is 
more difficult to elicit these responses and the amplitude is often smaller, even when 
stimulus intensity is constant (Duysens et al., 1993; Kanda and Sato, 1983; 
Komiyama et al., 2000). Furthermore, in these experiments it was found that 
simulations of the postures involved in various phases of the step cycle affected the 
responses as well. This position dependency has been studied most extensively for 
H-reflexes. In particular, the influence of the hip position on reflexes has been 
examined, because the hip angle is thought to influence the CPG (Chapman et al., 
1991; Grillner and Rossignol, 1978; Knikou and Rymer, 2002). In supine position, a 
suppression of H-reflex excitability in Soleus muscle up to 50% was observed during 
hip flexion as compared to a control condition (Knikou and Rymer, 2002). Changes 
in head position influence the amplitude of the H-reflexes as well (Traccis et al., 
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1987; Hayes and Sullivan, 1976). It was observed that contralateral head movement 
facilitates the H-reflex in the Soleus muscle and ipsilateral head movement inhibits 
the reflex responses. Whether such influences are present for cutaneous reflexes is 
currently unknown. It was speculated that walking with the head turned constitutes a 
difficult task which should affect both the normal walking pattern and the reflexes 
elicited during gait. 
 
1.5 Outline of this thesis 
Understanding normal locomotion is essential for developing and applying 
therapeutic approaches to movement disorders. In this thesis the focus is on the 
understanding of the function of reflexes during locomotion. In particular, reflexes are 
studied in the context of phase-, prior experience-, and task-dependent aspects. In 
the following seven chapters, these issues are discussed. The phase-dependency of 
the P1 responses and the role of the pyramidal tract in the phase-dependency of 
cutaneous reflexes was studied. For the experience dependency of cutaneous 
reflexes, the influence of a prepulse and of a self-applied stimulus was investigated. 
Finally, the influence of a self-applied unloading will be discussed. Therefore, a new 
methods, the ‘collapsing crutch’, was developed in which arms were used for support 
during gait and which provides the opportunity to induce a brief unloading, triggered 
either by the computer or by the subjects themselves. For the task-dependency, the 
influence of head position on cutaneous reflexes was investigated during gait. 
Chapter two compares the P1 and P2 responses following sural nerve stimulation in 
m. biceps femoris. An electrical stimulation was given to 52 adult subjects while 
walking an a treadmill with various walking velocities. The stimulus intensity was two 
times the perception threshold. The stimulation was given in 16 phases of the step 
cycle.  
In chapter three, the role of the cortex and cortico-spinal tract in the P2 cutaneous 
reflexes is examined. Therefore, reflex responses in 10 patients with hereditary 
spastic paraparesis (HS) were compared with the responses in 10 healthy subjects. 
HSP-patients have almost exclusively a lesion in the cortico-spinal tract. Reflexes 
were studied in m. biceps femoris and m. tibialis anterior at two different moments in 
the step cycle (early and late swing).  
Chapter four answers the question whether prepulse inhibition is present in P2 reflex 
responses. It describes experiments designed  to study the effect of a conditioning 
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pulse on the cutaneous P2 reflex. Sural nerve stimulation (a train of five pulses of 1 
ms duration at 200 Hz) was applied during different phases of the step cycle in 10 
healthy subjects. The stimulation intensity was set at two times the perception 
threshold. In half of the trials, a preceding pulse (a single pulse of 1 ms at same 
intensity) was applied to the same nerve 150 ms before the reflex-evoking pulse 
train. To study the effect of the conditioning pulse, the responses of both conditions 
were compared. The responses were measured in m. biceps femoris, m. tibialis 
anterior, and m. gastrocnemius medialis.  
In chapter five, self-induced cutaneous P2 reflexes are compared with computer-
evoked reflexes. During voluntary control of the stimulus, there is an increased 
demand for corticospinal control over the reflexes and their phase-dependent 
modulation. Sural nerve stimulation was applied at 16 phases of the step cycle in 7 
healthy subjects during walking on a treadmill. The stimuli were triggered either by 
the computer or by the subjects themselves. Reflex responses were measured in m. 
biceps femoris, m. tibialis anterior, m. gastrocnemius medialis and lateralis, and in m. 
peroneus longus.  
In chapter six, a new method to study sudden arm unloading responses during gait is 
presented. A custom-made crutch was designed, which could suddenly be shortened 
after a trigger by a computer. This device (the ‘broken crutch simulator’) was tested 
both on a walkway and on a treadmill. At a pre-programmed delay after crutch 
contact with the ground surface, a sudden shortening of the crutch could be induced. 
Eleven healthy subjects participated in the study. The question was asked whether 
this method could evoke reproducible sudden unloading responses in various arm 
muscles.  
Chapter seven describes an application of the method described in chapter six. 
Eleven healthy subjects walked with crutches on a treadmill at 2.5 km/h. One of the 
crutches could shorten to evoke arm-unloading responses. The responses after a 
self-triggered shortening of the crutch were compared with responses after a sudden 
unexpected unloading triggered by a computer. The responses were measured in m. 
biceps brachii, m. triceps brachii, m. deltoideus anterior and m. deltoideus posterior.  
Finally, in chapter eight, the influence of the head position on the phase-dependent 
modulation of cutaneous P2 reflexes was studied. Eleven healthy volunteers walked 
with 4 km/h on a treadmill. They received electrical stimulation of the sural nerve in 
10 phases of the step cycle. During walking, the position of the head was held in 7 
different directions, with the eyes fixed at a central mark right in front of the subjects. 
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Hence the eye fixation was always the same regardless of the head position required 
in order to standardize visual input. Responses were measured in m. biceps femoris, 
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2.1 Introduction 
Electrical stimulation of cutaneous nerves elicits reflex responses with short or 
medium latency both in the leg (Duysens et al., 1996; Yang and Stein, 1990; Zehr et 
al., 2001) and in the arm (Evans et al., 1989; Jenner and Stephens, 1982; Zehr and 
Kido, 2001). In analogy with these responses in the cat (Abraham et al., 1985; 
Duysens and Loeb, 1980; Pratt et al., 1991) the medium latency responses in 
humans are also called P2 (Duysens et al., 1996). Correspondingly, the early 
responses in humans are defined as P1 responses.  
The responses change during maturation (Rowlandson and Stephens, 1985). At 
birth, only reflex responses of short latency are observed. These reflexes follow a 
pathway confined to the spinal cord. During maturation, there is a change in neural 
connectivity and a motor development. The early responses in leg muscles become 
less prominent with age, while medium latency responses become more pronounced 
(Rowlandson and Stephens, 1985) due to supraspinal influences (Jenner and 
Stephens, 1982). In contrast, in the arm the P1 responses are prominent in adults 
(Zehr and Kido, 2001). 
In cats, as in humans, the P1 (short latency) responses are much smaller than the 
P2 (medium latency) responses. Nevertheless, a phase-dependent modulation of 
both types of responses during walking has been described (Abraham et al., 1985; 
Duysens and Loeb, 1980; Shimamura et al., 1990). The P2 responses were 
observed during stance and early swing, while the P1 responses were observed 
mostly during a short flexion period of the limb at end stance. A decrease in the 
amplitude of the responses in flexor muscles was seen later in the swing phase.  
Although the P1 responses are small they still deserve to be studied because most 
of our knowledge about basic mechanisms of phase-dependent modulation is 
derived from studies on fictive locomotion in which P1 responses are mainly seen 
instead of P2 responses (for review see Burke et al., 1991). These studies are 
important because movement related feedback can be excluded as a source of 
modulation. In the study of LaBella et al. (1992) for example, low-threshold, short-
latency P1 cutaneous reflexes were evoked in ipsilateral hindlimb motor nerves. 
These excitatory responses occurred at latencies that ranged from 5 to 15 ms and 
tended to be maximal during the motor nerve's active period in the step cycle (i.e. 
they followed the background EMG as in the moving preparations mentioned above). 
Only rarely, a "second" excitatory P2 response (15-25 ms latency) was recorded. As 
found in moving preparations, these P2 responses could be modulated out of phase 
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with the early response. These findings suggest that spinal circuits generating 
locomotion are involved in the modulation of these P1 and P2 reflexes. More 
recently, evidence was presented in the fictive walking cat that short-latency 
pathways from cutaneous afferents from the foot are likely to be predicted on 
disynaptic pathways (Burke et al., 2001). In the latter study it was shown that these 
pathways are clearly affected by CPG activity. 
In humans, it is important to make a bridge to this cat data, because until now all 
interest has focussed on P2 responses and their modulation during walking 
(Duysens et al., 1990; 1992; 1996; Van Wezel et al., 1997; Yang and Stein, 1990; 
Zehr et al., 2001; for review see Zehr and Stein, 1999a). As in cats, the P2 response 
does not follow the background activity. Both facilitatory and suppressive P2 
responses are observed, depending on the timing of stimulation in the step cycle. 
However, there are no data on the modulation of P1 responses in the leg. The 
reason for this is that P1 responses in adults are usually much smaller and less 
consistent than P2 responses when measured with surface EMG during gait. With 
single unit recordings the P1 responses can be demonstrated more clearly (Burke, 
1991; Kukulka, 1994) but this technique can only be used at rest or during restrained 
locomotion. In a study of DeSerres and colleagues for example (DeSerres et al., 
1995), single motor unit recording was used during walking. However, to hold the 
electrodes at the right place, special splints were used which restrained the walking 
pattern. In addition, the middle latency responses were investigated and not the 
short latency responses as in the present study.  
The aim of this study is therefore to find out if there is a phase-dependent modulation 
of the surface EMG P1-responses in human adult gait and if this modulation is 
different from the modulation of P2-responses. The hypothesis is that the modulation 
is different in some respects because there are several indications that P1 and P2 
responses are not the same. In cats the two types of responses can be seen 
separately and they show evidence of a differential modulation (Shimamura et al., 
1990). In humans the P1 responses develop first and disappear largely as P2 
responses develop (Rowlandson and Stephens, 1985). 
 
2.2 Methods 
To investigate the P1 modulation in gait, data obtained from 52 adult subjects were 
studied. Their age varied between 22 and 45 years. All subjects gave their informed 
consent. There was no known history of neurological or motor disorder. Approval by 
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the local ethics committee was obtained to perform the experiments. The methods of 
this study were explained in more detail in previous publications from this laboratory 
(Duysens et al., 1990; 1996; Van der Laan et al., 2000; Van Wezel et al., 1997). The 
essentials and specific procedures are described below. 
During the experiment, 28 of the 52 subjects walked on a treadmill with 4 km/h. The 
other 24 subjects walked with more variable speeds on a split belt, in order to test 
the reliability of the results under different velocity conditions (this was done in the 
context of another study in line with a series on this topic (Dietz et al., 1994; Prokop 
et al., 1995). The sural nerve was stimulated with a bipolar stimulation electrode (0.5 
cm poles and an inter-pole distance of 2.0 cm). The electrode was positioned on the 
left leg near the middle of the distance between the external malleolus and the 
Achilles tendon, where the nerve is closest to the skin surface. The electrical 
stimulus consisted of 5 rectangular pulses of 1 ms duration given over a period of 20 
ms. In each subject, EMG activity was recorded from the tibialis anterior (TA) and 
long head of the biceps femoris (BF) in both legs, using Ag/AgCl surface electrodes 
placed over the belly of these muscle. These muscles were chosen, because they 
often show large responses to sural nerve stimulation and a clear phase-dependent 
modulation (Duysens et al., 1990; 1996). The EMG signals were (pre-) amplified 
(with a maximum of 105), high-pass-filtered (cut-off frequency at 3 Hz), full-wave-
rectified, and low-pass-filtered (cut-off frequency at 300 Hz). The data were sampled 
at 1000 Hz. All data were measured starting 100 ms before the stimulation and 
lasting for 1600 ms. Two successive stimuli were always separated by at least two 
step cycles without a stimulus, with a random interval in the range of 3.5-6.5 s. 
The delivery of electrical stimuli was varied with respect to the phase of the step 
cycle. Ipsi- and contralateral footfall served as reference points. Detection of foot 
contact with the treadmill was performed either with two force plates located 
underneath the treadmill belts or with special made contact switches in the shoes. 
This enabled a reproducible stimulation at 16 equally distributed phases in the step 
cycle. Heel strike of the right leg corresponded with phase 1. The stimulus intensity 
was kept constant at 2 times the perception threshold (PT). The PT was determined 
during quiet standing by gradually increasing and decreasing the stimulus intensity. To 
maintain a constant stimulus condition throughout the whole experiment, the 
stimulation electrode was fixed with surgical tape. The PT was again determined at 
the end of the experiment, to see if the PT was changed during the experiment. 
None of the subjects showed a change of more than 10% during the experiments 
and therefore no subjects were excluded for further investigation. Every stimulus 
condition (N=16) was presented 10 times. For every stimulus trial (total N=160) a 
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corresponding sample without stimulation was taken. All 320 trials occurred in a 
random order. 
The EMG analysis started with a procedure for the detection of reflex responses (see 
also fig. 1). First, the 10 different trials of each stimulus condition were averaged. 
This resulted for each stimulus phase in an averaged 'reflex' trial. An equal number 
of averaged 'control' trials without stimulation was taken at the equivalent phases. To 
obtain the 'pure' reflex responses the averaged control trials were subtracted from 
Fig. 1 EMG activity in biceps femoris (BF) of one subject. A: Background EMG activity during a 
step cycle (average of 10 trials). The step cycle is divided in 16 phases. Phase 1 represents the
heel strike of the ipsilateral foot. B: Example of a suppressive P1 response in phase 13 (one trial).
The arrow in A represent the corresponding time of the phase in the step cycle. The pure reflex 
response is shown in the subtracted data (reflex data minus control data, both one trial). Full
vertical bars show the windows around the P1 and P2-responses. The cutaneous stimulation is 
given at 0 ms. C: Example of a subtracted facilitatory P1 response (one trial) in phase 11 of
another subject. 
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the corresponding reflex trials. The subtraction technique allowed measurement of 
both facilitatory and suppressive responses. The latency of these responses was 
defined as the onset of the positive and negative deviations from the zero line, 
respectively. To quantify these responses a window was set around P1 (onset latency 
~50 ms) and P2 (onset latency ~80 ms) responses separately (vertical dashed lines in 
Fig. 1B). This was done by visual inspection taking the criteria explained in earlier 
publications (see i.e. Duysens et al., 1996; Tax et al., 1995). 
The mean EMG-values within the window were calculated for the averaged reflex 
responses, the control EMG, and the corresponding subtracted trials. The resulting 
data underwent amplitude and time normalisation procedures in order to enable a 
proper intersubject comparison. For the amplitude normalisation the EMG data were 
scaled for each muscle separately to the maximum control value of that muscle 
within the step cycle (i.e., the maximum background activity). For the normalisation 
of the time axis the step cycle was subdivided into 16 equal time intervals. The 
responses were presented according to their appearance in one out of the 16 
intervals. The statistical significance of the P1 and P2 reflex responses and of the 
differences between them was tested by comparing the amplitude of the 
unsubtracted reflex peak of each stimulation trial with the amplitude of a matched 




Data from 52 subjects were screened. In this group there were only 7 subjects with 
distinct P1 responses (5 out of 28 walking at 4km/h, and 2 out of 24 walking with 
variable speeds). In these 7 the P1-responses were sufficiently stable (i.e. the same 
type of response (facilitatory or suppressive) occurred in several consecutive 
phases) to allow analysis for phase-dependency of the reflex responses. In contrast 
the P2-responses were observed in all subjects at least in 1 muscle. They were up to 
ten times larger than the P1-responses if these were present. The P1 responses were 
mostly seen in the biceps femoris and they were rare and not consistent in the tibialis 
anterior. Only one subject showed stable responses in TA. Therefore the present 
study will focus on the BF.  
Background activity and a typical example of a suppressive and facilitatory P1 and a 
facilitatory P2 response in BF are given in Fig. 1. Note that the P2 responses (with a 
onset latency of 74 ms) were more prominent than the P1 responses (having a onset 
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latency of 54 ms). Nevertheless the P1 responses were large enough to be studied. 
For the same subject as in fig. 1a and b, the averaged control and reflex activity 
calculated within the P1 and P2 windows are plotted in fig. 2, according to their 
appearance in the 16 phases of the step cycle.  
Sural nerve stimulation evoked small P1 responses, which were slightly above the 
background activity (facilitatory) at the end of the stance phase and at the early 
swing. The responses were below the background at end swing (suppressive 
responses). In this subject, the P2 responses showed a similar modulation but both 
facilitatory and suppressive P2 responses were more pronounced than the P1 
responses. It was found that the P1 responses at phases 7, 9, 10, 11, 14, and 16 
were significantly different from the background activity (Wilcoxon matched-pairs 
signed-rank test with significance level of P>0.05). In contrast, the P2 responses 
reached significance levels more often (all phases except 1 and 2). 
 
Fig. 2 Modulation of the P1 and P2-responses with respect to the level of background EMG 
activity (control) in the biceps femoris (BF) during 16 different phases of the step cycle in a single 
subject. Data are from the same subject as in fig. 1. Responses are averaged (n=10) and 
normalized. Walking velocity was 4.0 km/h in both legs. Significant responses are indicated with 
an asterisk (*). 
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2.3.1 Suppressive P1 responses 
While P1 responses were often small, they were consistently seen across different 
subjects, mostly in the swing phase (Fig. 3). In this part of the step cycle, all subjects 
Fig. 3 Consistency of suppressive P1 responses across various subjects. Modulation of the P1 
responses and background EMG activity (control) in the biceps femoris (BF) during 16 different 
phases of the step cycle. Data are from 5 subjects showing P1 responses. Responses are 
averaged (n=10) and normalized. All subjects walked at 4 km/h. Significant responses are 
indicated with an asterisk (*). 
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showed the suppressive P1 responses. Fig. 3 shows suppressive P1 responses in the 
ipsilateral BF in the 5 subjects with responses, while walking at 4 km/h. Subject 1 is the 
same subject as in Fig. 2. All subjects showed clear suppressive P1 responses at end 
swing. During the rest of the step cycle, the P1 responses were small and no apparent 
modulation pattern occurred. The mean P1 and P2 responses of the subjects walking 
at 4 km/h (see also fig. 3), were plotted in fig. 4.  
It can be seen that there were both P1 and P2 suppressive responses at end swing. 
These were of about the same size, although they were only significant for P1. In 
contrast, large facilitatory P2 responses could occur without any P1 facilitatory 
responses.  
All 5 subjects separately showed significant differences between P1 and P2 in at 
least one phase, most often during stance. For subject 1, there were significant 
differences between the P1 and P2 of in phases 4, 5, 6, 7, 8, 9, 10, 11, 13, 14, and 15, 
as can be seen in fig. 5A. The differences between the P1 and P2 of all subjects taken 
together were significant in phase 4, 6, 7, 8, and 11 (see fig 5B). 
 
Fig. 4 Modulation of the averaged P1 and P2-responses with respect to the level of background 
EMG activity (control) during 16 different phases of the step cycle. Data represent the mean 
responses of the same group (n=5) used for Fig. 3. For the mean P1 responses of the five subjects, 
there were significant suppressions in phase 1, 13, 14, and 15. There were no significant facilitations. 
In contrast, the P2 responses showed significant facilitations in phase 4, 7, 8, and 9 but no significant 
suppressions. Significant responses are indicated with an asterisk (*). 
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2.3.2 Facilitatory P1 responses 
Nevertheless, also facilitatory P1 responses do exist but they are quite rare. In fact, in 
the subjects shown in Fig 3 and 4, the facilitatory P1 responses were virtually almost 
absent. Nevertheless, careful examination of all data revealed that a few subjects 
showed such responses. Some examples are shown in Fig. 6, based on two 
representative subjects. These two subjects showed consistent facilitatory P1 
responses during the stance phase even while walking at very different speed 
conditions. In addition they showed clear suppressive P1 responses at end swing.  
 
2.4 Discussion  
The aim of this study was to analyze P1 responses during locomotion in humans. It is 
known that the P1 responses in the leg are not prominent in adult humans 
(Rowlandson and Stephens, 1985). The present study confirms this since there were 
only 7 subjects with distinct P1 responses out of a total sample of 52 subjects (5 out of 
28 walking with 4km/h, and 2 out of 24 subjects walking with variable walking speeds). 
Hence, around 14 % of adult subjects have a P1 reflex response. Although the P1 
Fig. 5 Comparison of P1 and P2 responses. A: Subtracted P1 and P2 data of a single subject 
(same subject as in fig. 1 and 2) during 16 phases of the step cycle. B: Mean subtracted P1 and 
P2 data of the 5 subjects showing P1 responses. Significant responses are indicated with an 
asterisk (*). 
Chapter 2  Short latency cutaneous reflexes 
 21
responses are rare during walking, it is still important to explore their modulation to find 
out whether humans exhibit a similar type of modulation as seen in cats for example in 
fictive locomotion (LaBella et al., 1992).  
The present data show that suppressive P1 responses appeared at end swing. Some 
subjects had a similar modulation pattern for P1 and P2 responses in a few phases 
of the step cycle (mostly at end swing), thereby raising the question whether they are 
two components of the same response. However, there were other subjects who 
showed facilitatory P2 and suppressive P1 responses in the same phases 
(significant most often at and swing). Therefore, it is not likely that P1 and P2 
responses are two parts of the same response. Sometimes they appear fused (as if 
Fig. 6 Consistency of the P1 responses across various speed conditions. Modulation of the P1 
responses and background EMG activity (control) in the biceps femoris (BF) are shown during 16 
different phases of the step cycle. Data are from two subjects (A and B), both measured in two 
different velocity conditions. The gait velocity of the ipsilateral leg was always 6.0 km/h, while the 
gait velocity of the contralateral leg varied between 1.5 and 6.0 km/h. Responses were averaged 
(n=10) and normalized. Significancies could not be calculated for this set of data, but the results 
are entirely in line with those of figures 2, 3, and 4. 
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only one large response was evoked), but there are also instances where the P1 and 
P2 suppressions are clearly separated (see also for example during leg cycling, Zehr 
et al., 2001).  
Such a difference in P1 and P2 responses was also observed in cats (Abraham et al., 
1985; Duysens and Loeb, 1980; Shimamura et al., 1990). As in cats, the P1 
responses in humans generally remained closer to the level of background activity 
than the P2 responses (Abraham et al., 1985; Duysens and Loeb, 1980; Shimamura 
et al., 1990). Nevertheless, there were some differences in the pattern of P1 
modulation between man and cat. In the BF of the cat, a facilitation of the P1 occurs 
during late stance (Pratt et al., 1991), similar as was seen in semimembranosus 
muscle in cats (Duysens and Loeb, 1980). In contrast, in the present study the P1 
responses in the BF remained closely around the background activity throughout the 
step cycle (with 4 km/h), except for a period near end swing when suppressive 
responses prevailed. These suppressions were also seen in some subjects for P2 
responses. However, walking with higher velocities resulted in larger P1 responses 
during stance, whereas the suppression at end swing remained the same. In 
agreement with previous results (see Duysens et al., 1990; 1996; Tax et al., 1995; Van 
Wezel et al., 1997; Yang and Stein, 1990; for review see Brooke et al., 1997; Zehr and 
Stein, 1999a) in BF there are usually facilitatory P2 responses throughout the whole 
step cycle, with smaller responses (or a reversal to suppression) around the end of 
swing.  
Although P1 responses were already shown by others (Van Wezel et al., 1997), the 
present study describes for the first time a phase-dependent modulation of P1 
responses in human leg muscles during walking. In contrast, for the arm some data 
are already available. Early responses, equivalent to the P1 responses in the leg, are 
much more pronounced in the arm than in leg muscles (Zehr and Chua, 2000; Zehr 
and Kido, 2001). During arm cycling, the P1 responses show phase-dependent 
modulation (only about one-half of the reflex responses demonstrated a significant 
correlation with the level of background activity).  
The present data are also relevant with respect to the possible mechanisms 
underlying phase-dependent modulation of reflex responses in man. First, it is 
evident that both P1 and P2 response modulation must be premotoneuronal in some 
parts of the step cycle, since the responses do not always follow the background 
activity levels. The finding that P1 responses generally are less pronounced and less 
modulated with respect to the background activity than P2 responses is to be 
expected since P2 responses are later and therefore more likely to follow a longer 
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route (either in terms of more interneurons or via supraspinal centers) with more 
possibilities for modulation. It is nevertheless striking that premotoneuronal phase-
dependent modulation is achieved for such short latency responses as P1. For short-
latency stretch reflexes (Dietz et al., 1990; Schillings et al., 1999; Sinkjaer et al., 
1996) and the H-reflex (Capaday and Stein, 1986; Crenna and Frigo, 1987; Stein 
and Capaday, 1988) there is also evidence for premotoneuronal modulation. The 
short-latency stretch reflexes in BF for example are larger at end swing and early 
stance (Faist et al., 1999a). The P1 in the present study in contrast, is suppressive 
during this period of the step cycle. This premotoneuronal gating of short-latency 
responses could be controlled either by interactions between afferents (presynaptic 
inhibition) or by central sources  (e.g., central pattern generator (CPG)). The 
observation in the cat that premotoneuronal modulation of P1 responses is present 
in fictive locomotion argues for a dominant role for the CPG (LaBella et al., 1992). 
Second, it is obvious that the modulation is much weaker for P1 than for P2 
responses. The differences between P1 and P2 responses could be explained if 
different pathways are involved, as suggested elsewhere (Jenner and Stephens, 
1982; Shimamura et al., 1990). Because of the short latency, the P1 response has to 
follow a spinal pathway (see Jenner and Stephens, 1982 for humans; LaBella et al., 
1992 for cats). The pathway for the P2 responses might either involve a polysynaptic 
spinal reflex pathway (Hiersemenzel et al., 2000), a supraspinal pathway involving 
the brainstem (Shimamura et al., 1990), or the cortex (Christensen et al., 1999).  
At last, it follows from the present study that both for P1 and P2, there is a 
substantial difference between cat and man with respect to end swing of locomotion 
since the suppressive P1 responses are unique for humans. This is likely to be due 
to the presence of a heel strike in man, but not in the cat. It is conceivable that the 
development of the corticospinal tract in man has led to a pathway, which can 
prevent the inadvertent activation of facilitatory pathways at end swing, just prior to 
touchdown. However, the suppressions at end swing might also be under CPG 
control (Zehr and Duysens, 2004). The CPG might enable suppressive pathways 
from a variety of sources, to avoid inadvertent muscle activity in the critical 
touchdown period (Zehr and Stein, 1999a; Duysens et al., 1992; Yang and Stein, 
1990). It is also suggested that the suppressive responses lead to a faster contact of 
the foot with the ground when the limb is prepared to be loaded (Duysens et al., 
1992; 2005; Van Wezel et al., 1997). 
 






























Adapted from: Duysens J, Baken BCM, Burgers L, Plat FM, Den Otter AR, and Kremer HPH (2004). 
Cutaneous reflexes from the foot during gait in hereditary spastic paraparesis. Clin Neurophysiol 115: 
1057-1062
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3.1 Introduction 
Although the importance of the intact pyramidal system for cutaneous reflexes of the 
foot is well recognized (Babinski sign) it still is unclear how this system interferes 
with cutaneous reflexes during normal motor activities such as walking. One 
important source of afferent input and reflexes during gait comes from the skin of the 
foot. After electrical stimulation of cutaneous foot afferents reflex responses appear 
at a latency of about 80 ms in different muscles of both legs (Hugon, 1973). 
During gait these reflexes have been studied in detail (Yang and Stein, 1990; 
Duysens et al., 1990; Zehr et al., 1997). In intact subjects, the amplitude of these so-
called P2 or medium-latency responses is dependent on the phase of the step cycle 
(Duysens et al., 1990; 1991; 1993; Yang and Stein, 1990; Van Wezel et al, 1997). In 
neurological patients one often encounters gait abnormalities. It has been suggested 
that these abnormalities could be partially related to abnormal reflexes or to a deficient 
regulation of the reflex pathways during gait (Duysens et al., 2000; Jones and Yang, 
1994; Zehr et al., 1998). In one study, we studied cutaneous reflex responses during 
walking of patients who suffer from a predominant loss of large myelinated Aβ fibers 
(Van Wezel et al., 2000). The reflex responses appeared to be significantly smaller 
for the patients than for the healthy subjects. Still, the phase dependency of the 
remaining responses was very similar to that in healthy subjects, indicating an intact 
control of the remaining cutaneous reflexes. It was concluded that low-threshold Aβ 
sensory fibers are involved in these reflexes during human gait but the presence of 
these afferents is not a prerequisite for the modulation, presumably because central 
sites are involved. A similar conclusion was reached in a study of these reflexes in 
patients with reflex sympathetic  dystrophy (Van der Laan et al., 2000). These two 
studies are both about the role of peripheral sites on the modulation. Candidates for 
the central sites are the spinal cord (containing the presumed “central pattern 
generators” for locomotion) and the cortex. It is well known that there are long loop 
reflexes, ascending from the spinal cord to various supraspinal structures including 
motor cortex and from there descending back to the spinal cord (Delwaide et al., 
1981). Are these cortical loops involved in reflex modulation?  
To answer this type of question, Jones and Yang (1994) used tibial nerve stimulation 
to study phase-dependent modulation during gait in spastic patients (mildly affected 
spinal cord injury). They found that phase-dependent modulation was clearly 
affected (absence of phase-dependent reversal in TA, tibialis anterior). The main 
difference, in comparison with normal subjects, was an absence of the suppressive 
responses in TA at end swing. In stroke patients, Zehr et al. (1998) observed that P2 
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responses were small or absent during walking. However, these responses still 
showed a phase dependent modulation These results are consistent with recent 
findings indicating an intact motor cortex as an important element in these reflexes 
and their modulation during gait (Christensen et al., 1999; Pijnappels et al., 1998). 
They showed a facilitation of corticospinal input onto cutaneous reflex pathways after 
magnetic stimulation of the cortex. 
In stroke one seldom has well defined lesions. To study more purely the role of the 
pyramidal tract it may be preferable to choose genetic models of selective pyramidal 
disease. Patients with hereditary spastic paraparesis (HSP) – particularly the ‘pure’ 
hereditary spastic paraparesis- are known to have almost exclusively a degeneration 
of the cortico-spinal tract, with only minor and subtle dorsal column involvement. So 
far, the effect of this degeneration on cutaneous reflexes of the foot has not been 
studied. In the present study, the differences in reflexes between HSP-patients and 
healthy subjects were evaluated during gait because it is known that cutaneous 
reflexes are facilitated during gait as compared to standing (Duysens et al., 1993; 
Komiyama et al., 2000). Moreover, by studying these reflexes during gait one can 
learn about their phase-dependent modulation. If modulation persist while the overall 
reflex amplitude is decreased in HSP then the data are consistent with subcortical 
sources being dominant in this type of modulation. 
 
3.2 Methods 
Most of the presently used methods have been described elsewhere in detail 
(Duysens et al. 1990; 1995; Van Wezel et al., 1997; Van der Laan et al., 2000). The 
essentials are given here, together with some specific procedures. 
Ten patients with HPS (6 men, 4 women; age 41 ± 12.6 years (mean ± SD)) were 
included in this study. The diagnostic criteria for HSP are spasticity of the lower 
extremities, paresis of the lower extremities (not as clear as the spasticity), 
hyperreflexia, Babinski sign, and a positive family anamnesis. In addition, a disorder 
of the sphincter, mild sensory disorders, and hyperreflexia and weakness of the 
upper extremities can be seen. A control group was made with 10 healthy subjects, 
without neurological or muscular disorders (8 men, 2 women; age 26.2 ± 5.1 years). 
The experimental procedure was approved by the local Ethical Committee and all 
subjects gave their informed consent. All subjects underwent the same protocol. The 
HSP-patients were allowed to walk at their preferred velocity. The mean velocity of 
the patients was 1.6 km/hour (sd=0.6). This low velocity was related to the spasticity 
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of the leg muscles in these patients. The healthy controls found this velocity 
uncomfortable. They therefore were allowed to walk slightly faster, namely at 2.5 
km/hour. To determine step cycle characteristics, the subjects had special shoes 
with contact switches. During the experiments the suralis nerve of the left ankle was 
stimulated with a bipolar stimulation electrode. The stimulus consisted of 5 
rectangular pulses of 1 ms duration at 200 Hz. The intensity of the stimulus was two 
times the perception threshold (PT). This kind of stimulation activates the low-
threshold cutaneous afferents from the sole of the foot. To maintain a constant 
stimulus throughout the whole step cycle, the electrode was firmly attached to the 
skin with surgical tape. The experiment did not start until a stable PT was reached 
after a short training period. The PT was also determined at the end of the 
experiment to see if it changed throughout the experiment. Electromyographic 
(EMG) recordings of the reflex responses of the biceps femoris (BF) and the tibialis 
anterior (TA) were made in both legs by means of pairs of surface electrodes. The 
EMG signals were preamplified, high-pass filtered (cut-off frequency 3 Hz), full-wave 
rectified, and low-pass filtered (cut-off frequency 300 Hz). All signals were sampled 
at 500 Hz.  
The stimuli were applied while the subjects were walking on a treadmill. Before each 
experiment, the step cycle duration of each subject was determined for the chosen 
gait speed. The moment of application of the stimulus was always at a fixed delay 
after heel strike. This delay differed for all the subjects. Every subject was stimulated 
in the early and late swing because previous studies had shown that a phase-
dependent reflex reversal can occur at these periods of the step cycle (Duysens et 
al., 1990; Yang and Stein, 1990). The stimulus delay was chosen so that the stimuli 
were always given in the same phase of the step cycle for the various subjects (for 
more details, see Duysens et al., 1990). 
For each stimulus condition (phase), 10 trials were sampled along with 10 control 
samples without stimulation. To obtain the "pure" reflex response, the mean back-
ground EMG had to be subtracted from the stimulus EMG. This means that the 
background activity, corresponding to the period sampled for the response (in the 
response time window in the trials with stimulation), was measured in cycles without 
stimulation and that this activity was subtracted from trials with stimulation. 
To specify the difference in reflex activity between HSP-patients and controls after 
stimulation of the sural nerve, a quantification of the P2 responses was performed. 
The "pure" reflex responses, as obtained after the subtraction, were visually 
inspected and a time-window was set taking the following criteria into account: 
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1) The windows were set on the responses that occurred at P2 latencies 
(approximately 80 ms after the stimulation) and lasted for about 30 ms. 
2)  When a muscle showed little or no response no adequate window could be set. 
An equivalent measure was required to calculate a population average. In these 
cases a time window was used which was found (in order of priority) in the same 
muscle in another condition, in nearby muscles in the same leg or in another 
subject (Duysens et al 1996). 
The settings corresponding to the beginning of the time window were defined as the 
latencies. Within the windows the “Area Under Curve” (AUC) was calculated. For 
each muscle in each subject the mean AUC was calculated for early and late swing. 
The amplitudes were normalized to the maximum value in the step cycle (i.e. the 
maximum spontaneous activity) to allow comparison between subjects and groups.  
Statistical analysis was applied using the non-parametric Wilcoxon's Rank Sum Test 
for independent samples (P<0.05).  
 
3.2.1 Vibration sensitivity 
Vibration sensitivity was tested by means of a vibrator (diameter 2mm) placed on the 
region innervated by the sural nerve, on the same place as the stimulation electrode. 
The vibrator could be placed at different controlled depths in the skin (0, 1, 2, 3, 4, 
and 5 mm). The duration of each trial was 2 seconds. In each trial the subject had to 
report whether the vibration was detected. Per 10 trials, a fraction of correct detected 
stimuli was calculated.  
 
3.3 Results 
Sural nerve stimulation yielded P2 responses such as shown in Fig. 1, based on 
EMG recordings of the biceps femoris and tibialis anterior of the ipsilateral leg (BFi 
and TAi) of one control subject.  
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Mean latencies of these responses in BFi were 78 ms for both populations (HSP and 
controls; see Table 1). The duration of the P2 response was slightly longer for the 
controls than for the patients (not significant). In TAi, in which only two patients 
exhibited clear responses, latencies were slightly longer, but again the mean 
duration was shorter for the patients.  
So far, only latencies and durations of the ipsilateral side are given, because no 
reflex responses were observed at the contralateral side of the patients, except for 1 
patient in TA. The controls showed crossed reflex activity in all conditions. 
 
 latency response 
(mean ± SD) 
duration response 
(mean ± SD) 
BFi Controls (n=10) 78 ± 8 34 ± 10 
 HSP-patients (n=5) 78 ± 9 27 ± 6 
TAi controls (n=10) 75 ± 10 32 ± 11 
 HSP-patients (n=2) 82 ± 6 23 ± 12 
 
3.3.1 Response amplitude 
To measure the response amplitudes, the AUC was calculated in the time window of 
the responses and the background activity was subtracted (see methods). All data 
BFi TAi 
0 100 200 0 100 200 
Time (ms) 
Fig. 1 The reflex responses inipsilateral biceps femoris (BFi) and tibialis anterior (TAi) of one 
control subject following stimulation of the sural nerve during walking. EMG calibration, 1 mV. 
Average of 10 trials. 
Table 1 Latencies and duration of detected responses for both HSP-patients and controls. Values 
were derived from all subjects showing responses in the muscles indicated. 
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were included, even when responses were small. The AUC was normalized to the 
maximum control value in the step cycle. The responses were obtained at early (es) 
and late swing (ls) because it is known that the response amplitude can be very 
different in these periods. To ensure that these phases were indeed comparable in 
the two groups an analysis was made of the step cycle durations. As mentioned in 
methods, there was a slight difference in mean walking velocity between the patients 
and the healthy subjects. This might give differences in the relative swing and stance 
phase duration. To ensure that the stimulations were given at comparable moments 
in patients and controls, it was essential to check whether there was a significant 
difference in step cycle characteristics in the two groups. In the controls the mean 
swing duration was 38.9% of the step cycle (SD 2.0) while in HSP patients it was 
37.6% (SD 6.7). These values were not significantly different (Wilcoxon test, 
P=0.13). 
The results of the amplitude analysis for the tibialis anterior of the side ipsilateral to 
stimulation (TAi) are summarized in Fig. 2.  
The overall level of the response amplitude in TAi was larger in the control group 
than in the HSP group, of which only two patients showed clear reflex responses. 
Furthermore, in both groups, the TAi showed a reflex reversal from facilitation in es 
to suppression in ls. However, the two patients with clear reflex responses did not 
show the same reflex pattern. Patient 1 showed a normal pattern, as seen in the 
control group. In contrast, patient 2 showed much smaller reflex responses and an 
Fig. 2 The normalized AUC in the ipsilateral tibialis anterior (TAi). Shown are the mean values 
(with standard errors) of es (early swing) and ls (late swing) for the contol and patient group and 
for the two patients who showed reflexes separately.  
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opposite modulation: a reversal from suppression in es to facilitation in ls. 
The overall difference in response amplitude between both groups was also found 
for most responses measured in the other muscles (see Fig. 3). 
For all facilitatory responses, except BFc es, the overall reflex activity in patients was 
lower than in the control group. The differences within individual muscles were not 
significant between both groups. However, the difference in overall reflex activity, i.e. 
the mean values of all 8 muscles together, was statistically significant between 
groups (Wilcoxon’s Signed Rank test, P=0.0357).  
Fig. 3 Means of the AUC of the P2 responses with AUC as % of the maximum EMG-activity. 
Shown are mean values of es (early swing) and ls (late swing) in biceps femoris (BF) and tibialis 
anterior (TA), ipsilateral (3A) and contralateral (3B). 
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3.3.2 Vibration sensitivity 
It is known that HSP-patients have decreased somatosensory sensitivity, due to 
degeneration of sensory pathways. The question then arises whether the presently 
observed decrement in reflex responses was due to a deficit in the pyramidal tract or 
whether it could be attributed to sensory loss, similar to what was observed in 
patients with sensory neuropathy (Van Wezel et al., 2000). 
In general, the controls did not have any difficulty to detect the vibration stimuli at all 
depths tested. Only at 0 mm depth (i.e. just contact) there were a few subjects who 
could not detect a number of trials. In contrast, HSP-patients could detect all the 
stimuli only when the stylus point was at 4 or 5 mm depth. At 0 and 1 mm depth the 
differences between the HSP and the control group were significant (P=0.007 and 
0.005 respectively).  
To study whether the decrease in reflex amplitude of the HSP-patients was linked to 
a loss of afferent sensitivity, the values of the P2-peaks of every individual muscle 
were correlated with the number of correct detected stimuli at each depth.  
Only in BFi es a significant positive correlation was observed for a depth of 0 mm 
(cc=0.94, p=0.04). In contrast, TAc ls (at 0 mm depth) and TAi es (at 1 mm) showed 
significant negative correlations (cc=-0.86, P=0.01 and cc=-0.81, P=0.03 
respectively). The latter would suggest that low sensitivity could not explain low 




The main findings of the present study are that HSP patients show less cutaneously 
induced P2 reflexes and that these reflexes have an unchanged latency and a 
decreased amplitude as compared to controls. These are novel findings. Except for 
BFc in early swing, every muscle showed larger reflex activity for the controls. While 
the data for individual muscles did not reach significance, the mean activity of all 
muscles taken together showed a significant decline in HSP. 
One may ask whether the decrease in reflex activity was caused by a peripheral 
deficit (as found earlier for another group of patients, see Van Wezel et al., 2000). 
However, earlier studies showed that there were no abnormal findings in sensory 
Chapter 3  Reflexes in Hereditary Spastic Paraparesis 
 34 
and motor nerve conduction in HSP-patients (Bruyn et al., 1994; Schady et al., 1991; 
Thomas et al., 1981). Therefore, it is unlikely that disorders of the peripheral nerves 
are the cause of the decrease in reflex activity in HSP-patients. In contrast, central 
motor conduction times have been reported by several authors to show either 
unrecordable, or delayed responses from the lower limbs (Pelosi et al., 1991; Schady 
et al., 1991). Also cortical somatosensory evoked potentials (SSEPs) upon tibial 
nerve stimulations were significant reduced (Bruyn et al., 1994; Pelosi et al., 1991). 
Several studies described vibration deficits in patients with HSP (Bruyn et al., 1994; 
Pelosi et al., 1991; Schady and Sheard 1990). Vibration sensitivity is mediated by 
the medial lemniscal system, which passes the dorsal column. Degeneration of the 
dorsal column is probably the cause of the decrease in percentage of correct 
detected vibration stimuli, as seen in HSP-patients. In principle, the presently 
described decrease in reflex activity could be caused by a deficit in this sensory 
pathway (as a link in long loop reflexes). The vibration deficits in the present study 
did correlate with a decrease in response amplitude only for one of the muscles 
investigated (BFi) and, in fact, for other muscles there was a negative correlation. It 
is therefore unlikely that the sensory deficit is sufficient to explain the current 
decrease in response amplitude.  
More likely is the possibility that the pyramidal tract is involved either because this 
pathway is part of the long loop of the reflex or because facilitation from this pathway 
is essential for interneurones involved in the P2 reflex. There have been several 
studies which have emphasized the importance of the motor cortex for P2 
responses. Using magnetic stimulation of the cortex it was found that motor evoked 
potentials (MEPs) evoked by magnetic stimulation of the cortex were more facilitated 
by prior sural-nerve stimulation than the algebraic sum of the control MEP and the 
cutaneous facilitation in the EMG when evoked separately (Pijnappels et al., 1998; 
Christensen et al., 1999). In contrast, electrical evoked MEPs were not facilitated by 
prior stimulation of the sural nerve (Christensen et al., 1999). A lack of facilitation of 
the H-reflex was found as well. These results were interpreted as suggesting that a 
transcortical pathway may contribute to P2 cutaneous reflexes during walking. The 
present study further supports this notion and adds to other studies showing that 
lesions of the pyramidal tract affect P2 responses. 
A final result is the difference in reflex modulation in some HSP patients as 
compared to healthy subjects. The mean reflex response of the total group of 
patients showed the same modulation as that of the healthy subjects, only with a 
smaller amplitude. However, for the individual patients, the modulation differed 
sometimes. For example, one of the two patients with clear reflex responses in TAi 
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showed normal responses, while the other showed weak opposite responses as 
compared to healthy subjects. It seemed that the modulation of the reflex responses 
of the patients was related with the walking performance: patients with a more 
asymmetric walking pattern showed more often a different reflex modulation (as 
patient 2), in comparison with healthy subjects. Patients with a less affected walking 
pattern, e.g. patient 1, showed more equal reflex behaviour as compared to healthy 
subjects. However, this can not be shown statistically and this hypothesis needs 
further investigation.  
At first sight this result is in line with those obtained in other studies on patients with 
lesions of the pyramidal tract. In patients with stroke, it was found that P2- responses 
following peroneal nerve stimulation were mostly suppressive during the swing 
phase and that a reversal was absent (Zehr et al. 1998). Jones and Yang (1994), 
using tibial nerve stimulation in mildly affected SCI patients, found mostly facilitatory 
responses and an absence of reflex reversal at end swing. Therefore, it can be 
concluded that the cortico-spinal tract is probably involved in the regulation of the 
amplitude of the P2 responses and their phase-dependent modulation. 
  
 






























Adapted from: Bastiaanse CM, Degen S, Baken BCM, Dietz V, and Duysens J (2006). Suppression of 
cutaneous reflexes by a conditioning pulse during walking. Exp Brain Res 172: 67-76 
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4.1 Introduction 
It is well known that the effect of a given stimulus can be reduced by giving a prior 
pulse. The best-known example is prepulse inhibition (PPI). When a single pulse 
(that itself elicits no response) precedes a startling stimulus, either from the same 
modality (i.e. auditory) or from a different one, then the startle reflex is attenuated 
(Koch, 1999; Frost et al., 2003). Do these mechanisms play a role in locomotion? 
During gait, it has been shown that sensation is modulated during the step cycle 
(Duysens et al., 1995). However, the mechanisms involved remain largely unknown. 
One possibility is that the effect of a given stimulus during gait is affected by 
preceding input. When during gait the stimulus for an H-reflex is preceded by 
cutaneous stimulation then the resulting reflex is attenuated (Fung and Barbeau, 
1994). Whether one can obtain the same type of suppression for cutaneous reflexes 
is unknown. In fact, even the pathway of non-nociceptive reflexes is still unknown.  
For cats it has been proposed that the sural nerve evoked medium latency (P2) 
responses rely on a purely spinal pathway (Forssberg, 1979) but this is unlikely since, 
in the acute spinal cat, the P2 responses are usually absent (LaBella et al., 1992). 
Similarly, in humans with complete spinal cord lesions the reflex responses with 
medium latencies ("P2") are often reduced (Hiersemenzel et al., 2000). Therefore, 
several studies have proposed that in intact humans these reflexes might be, at least 
partly, mediated by a loop over higher centers, involving either the brainstem (as is in 
the startle reflex: Koch 1999) or the cortex (Pijnappels et al., 1998; Christensen et al., 
1999; Petersen et al., 2001).  
If the cortex is involved one might expect that reflexes in TA are especially targeted 
since motor cortex is known to be heavily involved in the control of TA (Dietz 1992).  
These P2 cutaneous reflexes are studied during gait since it is known that they are 
task dependent and are larger during gait than at rest (Duysens et al., 1993; 
Komiyama et al., 2000). During walking these responses depend on the phase of the 
step cycle. In TA, they are facilitated during onset and midswing, but suppressed 
during the end of the swing phase, just before heel strike (’phase-dependent reflex 
reversal’, Yang and Stein, 1990; Duysens et al., 1990). It is hypothesized that a 
preceding (conditioning) pulse has suppressive effects on these reflex responses.  
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4.2 Methods 
Local ethics committee of Zurich approval and consent of informed subjects were 
obtained to perform the experiments on 10 healthy subjects (3 males and 7 females) 
aged between 22 and 28 years (mean ± sd, 24.7 ± 2.3 years). 
 
4.2.1 Experimental design 
The stimulation electrode was positioned at the right ankle at about middistance 
between the external malleolus and the Achilles tendon, where the sural nerve is 
closest to the skin surface. The electrical stimulus consisted of a train of five biphasic 
rectangular pulses each of 1 ms duration at a frequency of 200 Hz. The preceding 
pulse stimulation consisted of a single rectangular bipolar pulse of 1 ms. A pilot study 
was performed in three subjects to determine the optimal delay for the preceding 
pulse to obtain the best inhibition. In two phases per subject (phase 11 (1 subject), 
14 (3 subjects) and 15 (2 subjects)), reflex responses were evoked with eight 
different delays (5, 10, 15, 25, 50, 100, 150, 200 ms). The results showed a 
maximum inhibition when the delay was 150 ms. Consequently this delay was used 
throughout the present study. 
Reflex responses without the preceding pulse were also measured and will be 
referred to in this paper as ‘test’ reflex responses. For controls (i.e. steps without a 
preceding pulse and without a reflex pulse) a ‘zero’ stimulus was used (i.e. an absent 
stimulus but with similar trigger timing as in the trials with stimulation).  
To ensure that stimulus conditions remained constant throughout the experiment, the 
stimulating electrode was firmly attached over the nerve with surgical tape. The 
perception threshold was measured after each experimental run (see experimental 
protocol).  
 
4.2.2 Experimental protocol 
A detailed description of the methods can be found previously (Duysens et al., 
1990). The subject walked on a treadmill (Woodway, Germany) with a speed of 4 
km/h.  
The step cycle was divided into 16 periods of equal length (heel strike of the 
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ipsilateral (right) leg was taken as phase 1) in order to obtain sufficient temporal 
resolution to be able to measure changes in the reflex activity in leg muscles 
throughout the step cycle. An experiment started with several short periods (3-5 min) 
of walking on the treadmill. In these periods the subject was trained to walk at a 
comfortable, constant pace and the step cycle duration was measured. Between 
these periods, during quiet standing, the perception threshold (PT) was determined 
by gradually increasing (above PT) and decreasing (below PT) the stimulus intensity. 
This procedure was repeated between the experimental runs and at the end of the 
experiment to ascertain that the stimulus conditions were stable. The sural nerve 
was stimulated with an intensity of twice perception threshold. Arguments for the 
constancy of stimulation have been given in detail in previous publications (Duysens 
et al., 1990). When a large change (>15%) in perception threshold was observed 
following an experimental run, this run was discarded. When the change was 
smaller, the average threshold over the pre- and post-trial sessions was determined 
and used as a reference threshold for that session. In general, the PT appeared to 
decrease slightly during the first half of an hour, presumably because the stimulation 
electrode gradually settled within the tissue and thereby changed the resistance of 
the skin. After this initial period, the PT was stable (as was also found in our previous 
studies, Duysens et al., 1990; Bastiaanse et al., 2000). Habituation of responses was 
negligible with the inter-stimulus intervals chosen (see Tax et al., 1995 for more 
details). 
 
4.2.3 Recordings  
Ag/AgCl surface EMG electrodes (Hellige, Germany) were attached in bipolar 
configuration longitudinal to the muscle belly over the tibialis anterior (TA), 
gastrocnemius medialis (GM) and the biceps femoris (BF) muscles of both legs. By 
using laterally placed mechanical goniometers at the ankle and knee joint, changes 
in angles were measured in the ipsilateral leg. Force sensors (located underneath 
the treadmill belts) provided a record of the force exerted by the legs on the 
treadmill. The force signal indicating right heel strike, and thus the onset of right 
stance, was used as a trigger. Individual step cycles were normalized to a relative 
timescale of one-step cycle starting and ending with the right heel strike.  
A PC-based stimulation program performed triggering of the stimulator and 
randomization of trials. All signals were sampled at a frequency of 1,000 Hz. The 
EMG of the muscles and the reflex effects of the electrical stimulus were recorded 
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and fed into an EMG amplifier (Madaus Schwarzer, Germany). The EMG recordings 
were band-pass filtered (30-300 Hz), full-wave rectified and transferred together with 
the recordings of the amplified force sensors and goniometers to a computer. The 
data were analyzed using SOLEASY (ALEA Solutions GmbH, Switzerland). 
For each phase of the step cycle, 10 electrical stimulus trains and 10 stimulus trains 
with a preceding pulse were randomly applied in one experimental session. The data 
were plotted with respect to the time of occurrence of the responses (onset of the 
response window) in the step cycle. This resulted in a shift of one phase when 
compared with the timing of the stimulation in the step cycle.  
Stimulated steps were randomly mixed with steps without stimulation (control stimuli, 
i.e., a “zero” pulse). The stimulus trains were given with an average interval of 3.5 s. 
For an average speed of 4 km/h, this corresponded to stimulation in about every 
third step. After sampling 10 test reflex responses, 10 conditioned reflex responses 
and 10 controls for each phase (16 phases), the treadmill was stopped. The overall 
effects of nerve stimulation on leg muscle EMG activity were evaluated by averaging 
10 trials for all 48 conditions (16 ‘test’ phases, 16 conditioned phases and 16 control 
phases without nerve stimulation). Subsequently the control data were subtracted 
from the corresponding stimulus data to obtain the "pure" reflex responses.  
 
4.2.4 Statistical analysis 
The EMG responses were quantified by calculating the mean amplitude over the 
period in which the response occurred. Therefore for each muscle, one fixed time 
window was set around the responses for all 16 phases in the step cycle. The 
window was chosen in such a way that the whole response was sampled within the 
window limits. The response peaks appeared 70-80 ms after the stimulus and lasted 
for about 30-40 ms. Therefore, a fixed time window of 40 ms was set at the onset of 
the reflex response over all muscles in all subjects (see fig. 1). The data point in this 
and other figures were lined up with respect to the occurrence of the reflex response.  
To allow comparison of leg muscle activity as a function of phases of the step cycle 
between the subjects, individual mean amplitudes of the averaged reflex responses 
for each condition were normalized to the maximum control activity (i.e. largest 
background activity of each subject during the control cycles). To determine the 
influence of the preceding pulse on the reflex responses and the influence of 
different phases of the step cycle on the mean population, statistical significance was 
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determined with a Wilcoxon signed-ranks test (significance at level P<0.05). 
Individual statistics were also performed with the help of Wilcoxon signed-ranks test. 
The Wilcoxon signed-rank test is very sensitive to sign (consistent changes in a 
given direction) and can yield significances even when responses are within the 
noise level. Therefore, a procedure was introduced which successfully eliminated 
some of the 'accidental' significances, occurring at low response levels. The 
standard error (SE) for the averaged difference was calculated. When the averaged 
Fig. 1 Experimental set-up. EMG examples of the reflex measurements, control and subtracted 
traces are shown in A. In B the setting of the time window is shown. 
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difference was larger than two times the SE (arbitrary, i.e. the response is above 
noise level) the statistical significance was marked as such in the figures. Most of the 
presently used methods have been described elsewhere in detail (Duysens et al., 
1990; 1995; Van Wezel et al., 1997; Van der Laan et al., 2000). The essentials are 
given here, together with some specific procedures. 
 
Fig. 2 Individual EMG example (ipsilateral Tibialis Anterior [TA]) of the decrease in reflex response 
in the different phases of the step cycle when the stimulation is preceded by a single pulse (black 
lines) in comparison with the normal sural nerve stimulation (grey lines). Shown are the averaged 
data of all trials in each phase. Phase 1 is heel strike.  
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4.3 Results 
In the present study the subjects could not consciously distinguish trials with or 
without preceding pulse when asked about this at the end of the experiment. 
Therefore, it was assumed that conscious control of the reflex responses could not 
have been important. 
 
4.3.1 Ipsilateral responses 
In response to the sural nerve stimulation during the different phases of the step 
cycle, all 10 subjects showed reflex responses, mostly in the ipsilateral BF (BFi) and 
TA (TAi). In general, the reflex responses were smaller after stimulation with a 
preceding pulse compared to the unconditioned trials. An example of this is given in 
fig. 1. It can be seen that conditioning the reflex reduced the amplitude of the 
responses by about 50%. The latency remained the same. To see what happened 
over the whole step cycle, an individual EMG example of the decrease in reflex 
response is given in fig. 2 for TAi. Stimulation with preceding pulse resulted in a 
response amplitude, which was on average (i.e. average over the whole step cycle) 
39% smaller than the reflex responses measured when no preceding pulse was 
given.  
Fig. 3 Data of the whole population (n=10, mean ± SE). The reflex responses (black traces) and 
the background activity (grey traces) of the ipsilateral TA and BF are shown. A) the test reflex 
responses are displayed. B) a prepulse is applied. Asterisks indicate a significant difference 
(Wilcoxon, P<0.05). Black line at the x-axis indicates the stance phase. 
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The population data (see fig. 3) showed the same pattern. Stimulation with a 
preceding pulse caused a reduction in the reflex amplitude (compare A with B). 
The reduction was not uniform across the whole step cycle. Comparing A with B, it is 
seen that the reduction is largest at onset swing, while very little reduction in reflex 
size is seen at end swing, despite comparable background. 
To  allow a better comparison between the two conditions the difference between 
stimulus trials and controls are plotted in fig. 4.  
The difference was found to be only significant in phase 9 for TAi, while none of the 
differences in BFi reached significance. To further document the difference for these 
two muscles, the mean difference was calculated across all phases and all subjects.  
For TAi there was a significant decrease of the reflex response with a maximum of 
42% (fig. 4B). When all phases were considered, a mean reduction of 8.6% resulted 
when the strength of attenuation was compared to the maximum background EMG 
activity during the step cycle (see fig. 5B). In contrast for BFi the maximum difference 
was only 11% compared to background (mean difference over the whole step cycle 
Fig. 4 Averaged (+SE) subtracted data (i.e. reflex responses minus background activity) of the 
ipsilateral BF and TA for the whole population (n=10). Data were normalized to the maximum 
background activity over the whole step cycle. A) The two subtracted traces are plotted. B) The 
difference between those data. Asterisks indicate a significant difference (p<0.05, Wilcoxon). 
Black line at the x-axis indicates the stance phase. 
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was 0.4%, both not significant). For GMi the mean difference over the whole step 
cycle was also minimal: 1.5% (not significant, see fig. 5), whereas the maximum 
difference was 6%. Overall, the effects were more pronounced in TA than in any of 
the other muscles tested. 
  
4.3.2 Contralateral effects 
Sural nerve stimulation during gait is known to induce contralateral responses, which 
often reach amplitudes as high or higher than the ipsilateral ones (Yang and Stein, 
1990; Duysens et al., 1990). In the present study, the largest contralateral reflex 
response was observed in BFc. Contralaterally, during the second half of swing, the 
mean pure (subtracted) unconditioned reflex response was about 30% of maximum 
BFc activity, whereas ipsilaterally the pure reflex response in the same period of the 
step cycle was 17% (average for the whole population).  
Fig.  5 Overall pure reflex responses of the muscles investigated. Averages over the whole step 
cycle for the whole population are shown (n=10, with SE). A) Subtracted data (i.e. reflex 
responses minus background activity) are shown for the two stimulation conditions (with and 
without prepulse). The white bars are the test pure reflex responses; the black ones are the reflex 
responses after stimulation with a prepulse. B) The differences between those data is shown. Only 
in Tai, there was a significant difference between the two conditions (p<0.001, Wilcoxon). 
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Conditioning stimulation reduced contralateral reflex response only slightly and the 
difference was never significant. The results on BFc and others muscles are 
summarized in fig. 5 (averages over the whole step cycle). The pure reflex response 
of BFc was reduced with 14%, the TAc with 85% and GMc with 98%, but in 
comparison with the respective background activity, those differences in reflex 
responses were very small (0.33, 1.63 and 1.75% for BFc, TAc and GMc, 
respectively) and not significant. 
 
4.3.3 Control experiments 
The preceding pulse used in this study was of the same stimulation intensity as the 
reflex-evoking pulse train. One can argue that the preceding pulse can possibly 
affect the muscle activity directly irrespective of the succeeding stimulus train. In that 
case, one would expect to see changes in TAi in periods outside the window used 
for the responses described earlier. Therefore, in all subjects and in all phases, the 
activity 75-115 ms after the conditioning pulse (i.e. 75-35 ms before the stimulus 
train) was analyzed separately. There were no consistent significant differences in 
activity with and without conditioning pulse. The second control involved the question 
whether there was induced activity at a latency of 225 ms after the conditioning 
pulse. The reflex response occurred at about 75 ms after onset of the test train and 
thus 225 ms after the conditioning pulse. It may be argued that the preceding pulse 
could have induced a response, even in the absence of the stimulus train. If so one 
might expect that the test train would also be able to induce responses at a latency 
of 225 ms. Indeed, a stimulus train is always more effective than a single stimulus 
and therefore there should be higher activity in the stimulus condition versus the 
control if indeed there is an effect of the stimulation at this latency of 225 ms. 
Therefore, activity was measured in a time window of 225-265 ms after the onset of 
the stimulus train and this activity was compared with controls. No significant 
differences were observed. It was concluded that the preceding pulse has no 
influence on the observed reflex response on the activity after 225 ms and, therefore, 
was not a source of facilitation by itself. 
 
4.3.4 Changes in movement trajectories  
In view of the main effects being present in TA it was expected that the kinesiological 
changes would be largest for the ankle as compared to the knee. Ipsilaterally the 
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largest difference in reflex response was observed in phase 9 (see fig. 4). The TA 
reflexes at end stance yielded extra dorsiflexion following sural nerve stimulation, but 
when present these changes were not significantly affected by conditioning 
stimulation (not illustrated).  
  
4.4 Discussion 
The aim of this study was to evaluate the influence of a conditioning pulse on 
cutaneous reflex responses to sural nerve stimulation during gait. It was 
hypothesized that a conditioning pulse should have suppressive effects on these 
reflex responses. The main results obtained were that suppression occurred 
specifically in the TAi and less in other muscles. Furthermore, the suppression 
occurred throughout the whole step cycle but reached a maximum when TAi was 
most active (end stance and early swing). The suggested mechanisms involving this 
type of suppression can be located at a spinal level but brainstem or cortically 
mediated pathways have to be considered as well. 
 
4.4.1 Spinal presynaptic inhibition 
Seki and co-workers (2003) recently demonstrated cortically induced presynaptic 
inhibition of cutaneous afferents to interneurones in the primate spinal cord just prior 
and during voluntary movements. Such supraspinal control of presynaptic inhibition 
has also been documented in humans (Iles and Roberts, 1987; Valls-Sole et al., 
1994; Iles, 1996; Zehr and Stein, 1999b). The most commonly used method for such 
investigations involves the modulation of the soleus H-reflex, conditioned by 
electrical nerve stimulation, while little is known about interactions with cutaneous 
reflexes. In incomplete spinal cord injured (SCI) patients, walking on a treadmill, a 
decrease in presynaptic inhibition of Ia terminals was found as compared to controls 
and this was taken as evidence of a supraspinal contribution to this effect (Faist et 
al., 1994; 1999b). In such SCI patients, the ability to modulate presynaptic inhibition 
is affected as well (Yang et al., 1991) but this modulation can partially be restored by 
cutaneous conditioning of the medial plantar nerve (Fung and Barbeau, 1994). For 
the latter study the H-reflex responses were investigated during walking both in 
healthy subjects and spastic paretic subjects. In both groups of subjects the H-reflex 
was decreased due to this conditioning pulse. Although reflex suppression could 
take place at the spinal cord level it seems that higher centers contribute as well. 
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Logigian and co-workers (1999) measured the cutaneous silent period with the help 
of H-reflex measurement with sural conditioning in complete SCI subjects and 
healthy subjects. They found that in SCI patients, the H-reflex was reduced because 
of the conditioning reflex, but not as much as in healthy subjects. Therefore, they 
concluded that the reflex is spinally controlled, but this control is subject to 
supraspinal influence. Similarly, in complete SCI patients, Roby-Brami and Bussel 
(1990) showed suppression of the monosynaptic Ia facilitation in different leg 
muscles, because of contralateral conditioning stimulation of the flexor reflex 
afferents, indicating that presynaptic inhibition can be mediated by an intraspinal 
mechanism. These data were confirmed also for cutaneous stimulation (Roby-Brami 
and Bussel, 1992).  
 
4.4.2 Brainstem mechanisms 
A second source for the observed reduction in facilitatory responses involves a 
suppressive pathway in the brainstem, in analogy with PPI of auditory startle 
responses. How do the present results resemble prepulse inhibition as described 
elsewhere (Fendt et al., 1994; Lipp and Krnitzky, 1998; Schicatano et al., 2000; 
Blumenthal et al., 2001; Braff et al., 2001)? PPI occurs when a relatively weak 
sensory (i.e. acoustic) event (prepulse) is presented 30-500 ms before a strong 
auditory startle-inducing stimulus (Koch, 1999; Braff et al., 2001). The amplitude of 
the startle response is then reduced. The acoustic prepulses are thought to induce 
suppression of activity within the 'primary' startle circuit at the level of the caudal 
pons (Braff et al., 2001; Fendt et al., 1994; 2001). Such a mechanism could also 
account for the PPI in cutaneous reflexes described here if one assumes that some 
circuitry is shared by auditory and somatosensory startle. One then could expect that 
cross modal suppression could play a role as well. To check this and to see if 
different conditioning pulse modalities influence cutaneous reflex responses, in three 
subjects an auditory pulse replaced the electrical conditioning pulse. The auditory 
pulse had a duration of 23 ms and had an intensity of 70 dB. This was above noise 
level and below startle level. The results showed that even in the phases where 
maximum facilitatory responses are observed following sural nerve stimulation 
without prepulse, no significant differences were observed between stimulation with 
and without auditory preceding pulse.  
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4.4.3 Cortical mechanisms 
The presently observed effects can result from spinal or brainstem interactions, but 
most evidence points in the direction of a cortical contribution. For example, a clearly 
observed result in this study was that the preceding pulse inhibited mainly the TA 
muscle, while the other muscles did not show this effect. This may be related to TA 
being more cortically influenced than these other muscles. Dietz (1992) suggested 
that the corticospinal tract is more closely linked with the segmental motor circuits 
controlling the flexors (TA) than the extensors (GM). TA responses are known to be 
influenced by cortical input. Bawa and colleagues (2002) showed that transcranial 
magnetic stimulation (TMS) of the motor cortex results in much greater increases in 
TA motor-evoked potentials (MEPs) compared with soleus MEPs with identical 
increases in stimulus intensity. Thus, TA receives strong facilitatory input from fast 
corticospinal connections, while the soleus muscle for example receives a less-
developed corticomotorneuron drive. Other TMS studies showed that cutaneous 
reflexes are at least partly influenced by cortical pathways (Pijnappels et al. 1998; 
Christensen et al. 1999). TMS studies have also shown that the cortical inputs are 
mostly facilitatory (Schubert et al., 1997; Pijnappels et al., 1998; Capaday et al., 
1999; Christensen et al., 1999; Petersen et al., 2001) but, when sub-threshold TMS 
is used, they can be suppressive as well (Petersen et al., 2001). Suppression can 
also occur on the ascending trajectory of this pathway since somatosensory evoked 
potential (SEP) studies showed that the cutaneously evoked SEP are inhibited when 
preceded by a cutaneous stimulation (Morita et al., 1998). During gait, sural nerve 
stimulation can suppress MEPs when given in the first part of stance (Duysens et al,. 
2004b. Further evidence for a cortical contribution to sural nerve induced reflexes 
comes from Nielsen and co-workers (1997). They showed that during tonic voluntary 
contractions in immobile subjects the discharge probability of TA motor units 
following combined electrical sural and magnetic cortical stimulation is larger than 
the sum of the discharge probability following each of the two types of stimuli 
separately. However, when electrical cortical stimulation was used instead of 
magnetic cortical stimulation, this facilitation was not observed. Therefore, it was 
concluded that the magnetic facilitation was due to facilitation of corticospinal input 
onto cutaneous reflex pathways. Furthermore, MEPs are shown to be facilitated by 
prior sural-nerve stimulation (Pijnappels et al., 1998; Christensen et al., 1999). This 
suggests involvement of a transcortical pathway contributing to cutaneous reflexes 
during walking. The different reaction to the preceding pulse of TA can thus be due 
to this cortical control, although in this case the suppressive effects are stronger than 
the facilitations. 
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Since the cortex appears so important for the control of TA and its reflex input, one 
might expect to find some deficits in this control when the corticospinal tract is no 
longer intact. Several studies with patients with defective corticospinal pathways, 
such as stroke patients (Zehr et al., 1998), or patients with hereditary spastic 
paraparesis (Dietz, 1992; Duysens et al., 2004a) have confirmed this.  
 
4.4.4 Other mechanisms 
In principle, the suppression observed in this paper, could also be a result of a 
depression in axonal excitability. The group of Burke showed that a supramaximal 
conditioning stimulus could depress the axonal excitability lasting up to 100 ms 
(Burke et al., 2001; Kiernan et al., 1996; Miller et al., 1995). However, their 
conditioning pulse intensity was supramaximal, which is much higher than the 
conditioning pulse used in this study. Here, the conditioning pulse was set at twice 
perception threshold, which did not evoke any suppression or excitation by itself (see 
results section 'control experiments'). In addition, these authors stated that the 
axonal excitability returned to the resting excitability 100-150 ms after discharge 
(Burke et al., 2001; Kiernan et al., 1996; Miller et al., 1995). Even when a 
submaximal conditioning pulse was used, the excitability returned to normal after 
about 100 ms (Chan et al., 2002). In the present study, the conditioning pulse was 
given 150 ms prior to the stimulation pulses and therefore one might expect that the 
excitability should be back to normal at the onset of the main stimulus train. In 
summary, the data do not support the alternative hypothesis mentioned. It is 




































Adapted from: Baken BCM, Nieuwenhuijzen PHJA, Bastiaanse CM, Dietz V, and Duysens J (2006). 
Cutaneous reflexes during walking are reduced when self-induced. J Physiol 570.1: 113-124 
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5.1 Introduction 
Both sensation and reflexes may differ depending on whether one applies the stimuli 
oneself or someone else (Von Holst and Mittelstaedt, 1950; Blakemore et al., 2000). 
This has led to the notion of an "efference copy", whereby a copy of central 
commands is forwarded to structures involved in processing incoming information. 
Do these principles also apply to gait? During walking, there is modulation of 
sensation during the step cycle (Duysens et al., 1995). For example, when identical 
non-nociceptive electrical stimuli were applied to the sural nerve, detection of the 
stimuli was best near the end of swing. In contrast, there was a reduction in 
sensitivity of the foot just after touchdown. These findings indicate that some 
"expected" input from the foot at touchdown is filtered out. Electrical stimulation of 
the sural nerve results not only in sensation, but also in reflex responses. Can 
subjects filter out these reflexes as well? To investigate this, an experiment is 
needed in which subjects can anticipate these reflexes, e.g. by allowing them to 
voluntarily control stimuli themselves.  
For locomotion, the cutaneous feedback from the foot is especially important (Bouyer 
and Rossignol, 2003; Duysens and Pearson, 1976; Zehr et al., 1997; Duysens et al., 
1990). It is also thought that supraspinal loops, including the motor cortex, may be 
involved in the control of cutanous reflexes evoked by electrical stimulation of the 
sural nerve (Delwaide et al., 1981; Nielsen et al., 1997; Duysens et al., 2004b). 
Hence there is increasing evidence that cutaneous input to the cortex is not only 
important for fine motor control of upper limb muscles (Lemon, 1981) but also for the 
regulation of gait, especially when perturbations are expected (Christensen et al., 
1999).  
Most knowledge on cortical control comes from studies with TMS (transcranial 
magnetic stimulation). Application of TMS during gait was shown to facilitate either 
directly some leg muscles (Schubert et al., 1997; Capaday et al., 1999; Bonnard et 
al., 2002) or the cutaneous reflexes to these muscles (Pijnappels et al., 1998; 
Christensen et al., 1999). At low intensity, however, it was shown that TMS 
suppressed corticospinal drive to motoneurones, probably through intracortical 
inhibitory circuits; i.e. removal of excitatory drive (Petersen et al., 2001). In addition, 
it was recently shown that such magnetically evoked responses during gait are under 
cognitive control (Camus et al., 2004). Hence, the hypothesis is advanced that 
humans can exert cognitive control over these reflexes during gait. 
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It remains difficult to predict what the effect is of adding corticospinal control over 
reflexes, e.g. through voluntary control of stimuli. In case that the dominant effect is 
suppressive, one would predict that extra activation of the cortex leads to reduction 
of the reflexes (in this study named the “cortical suppression hypothesis”). Thus, 
facilitatory responses become smaller and suppressive responses more 
suppressive. This could be caused by several mechanisms, e.g. by presynaptic 
inhibition of sensory input at spinal level (Seki et al., 2003). An inhibitory effect on 
transcortical reflexes (Van Doornik et al., 2004), or selective premotoneuronal control 
of spinal interneurones are other possibilities.   
An alternative hypothesis is that cortical facilitation of reflexes dominates (“cortical 
facilitation hypothesis”). In that case one would expect added facilitation to occur, 
which results in larger facilitations and less suppressions.  
A related question is whether these voluntary effects on reflexes are equally 
prominent throughout the step cycle. The amplitudes of the reflex responses are 
known to depend on the phase of stimulation (Yang and Stein, 1990; Duysens et al., 
1990; Van Wezel et al., 1997; Zehr et al., 1997). In TA (tibialis anterior) for example, 
facilitatory responses are seen in early swing, while suppressive responses occur at 
end swing and early stance. If voluntary control involves primarily suppression over 
the whole step cycle then one would expect smaller TA facilitations at end stance 
and deeper TA suppressions at end swing. Alternatively it is possible that one of the 
features of the modulation (for TA the facilitation at end stance or the suppression at 
end swing) is more prominently under cortical control. In that case one would expect 




Similar methods as used in the present study have been described elsewhere in 
detail (Duysens et al., 1996; Van Wezel et al., 1997). Therefore, only the essentials 
and specific procedures are described below.  
 
5.2.1 Experimental setup  
7 healthy volunteers (4 males and 3 females; age range of 23 - 36 years; mean of 26 
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years) participated in the present study. None of them had a known history of 
neurological or motor disorder. The experiments were performed in conformity with 
the declaration of Helsinki for experiments on humans and with approval of the local 
ethics committee. All subjects gave their informed consent. They walked on a 
treadmill (Woodway, Weil am Rhein, Germany) with a constant velocity of 4 km/h, 
wearing a safety harness fastened to an emergency brake at the ceiling. 
The subjects had to wear special shoes with contact switches (designed in 
collaboration with Algra Fotometaal b.v., Wormerveer, the Netherlands) to detect foot 
contact. To elicit a reflex response, an electrical stimulation was given to the sural 
nerve at the lateral malleolus of the right leg, where the nerve is closest to the skin 
surface (approximately halfway between the lateral malleolus and the Achilles 
tendon). Therefore, a homemade bipolar stimulation electrode was used. The exact 
position of the stimulation electrode was determined according to the optimal 
irradiation of the stimulus, corresponding to the innervation area of the sural nerve. 
To keep stable conditions throughout the experiment, the electrode was firmly 
attached to the skin with surgical tape. The stimulus consisted of a train of 5 
rectangular pulses of 1 ms duration with a frequency of 200 Hz.  
Bipolar electromyographic activity (EMG) with Ag/AgCl surface electrodes (Hellige, 
Freiburg, Germany) was recorded in the biceps femoris (BF), tibialis anterior (TA), 
gastrocnemius medialis (GM), gastrocnemius lateralis (GL), and the peroneus 
longus (PL) of the ipsilateral leg by using surface electrodes. The EMG signals were 
(pre-) amplified, high pass filtered (cut-off frequency 3 Hz), full wave rectified, and 
low pass filtered (cut-off frequency 300 Hz). The EMG signals were sampled along 
with the foot-switch signals of both feet and a digital code referring to the stimulus 
condition. Data were sampled at 1000 Hz and stored on a hard disk, where they 
were analyzed using MATLAB (the MathWorks, Nantick, MI, USA). 
 
5.2.2 Experimental protocol 
Before each experiment, the perception threshold (PT) for the stimulation was 
determined by gradually increasing and decreasing the stimulus intensity, while 
standing quietly. During the experiment, all subjects were stimulated at 2 times the 
PT. This intensity gives a tactile, non-nociceptive sensation on the area of the foot 
innervating by the sural nerve. The PT had to be stable throughout the whole 
experiment. For this purpose, the subjects had to walk with the stimulus electrode for 
15-30 minutes before the experiment started, until the PT was stable. The PT was 
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determined again at the end of each experiment to be sure that it was not changed 
during the experiment. None of the subjects showed a change of more than 10% and 
therefore no subjects were excluded for further investigation. 
The experiment consisted of three different conditions: a control condition without 
any stimulation to measure the background activity during walking (the first condition 
in fig. 1B), a condition with electrical stimulation triggered by the computer (second 
condition in fig. 1B), and a condition with an electrical stimulation triggered by the 
subjects pushing a button which they held in their hands (last condition in fig. 1B).  
Every time the subjects had to stimulate themselves, a short auditory cue was given. 
This cue was above the level of the noise of the treadmill, but not loud enough to 
elicit a startle reflex. The subjects were instructed (to try) to push each time at the 
same interval after the auditory cue. They were told that it was not needed to push 
as fast as possible (as in a reaction test). They were also carefully instructed that 
they would not receive an electrical stimulation after the cue sound, but that they had 
to press the button first to receive the stimulus. A short training period preceded 
each experiment.  
In all conditions, stimuli were delivered during 16 phases of the step cycle. Heel 
strike of the right leg was determined as phase 1. In the control and computer 
condition, 10 trials were sampled in each phase (=2*160 trials). To measure 10 trials 
per phase in the self-stimulation condition, the subjects had to push the button 10 
times in each phase of the step cycle. This was difficult to achieve because of the 
variability in the response times and because of the very short duration of the 
different phases. Therefore, relatively more trials with auditory cues had to be given 
as compared to the computer-generated condition. A pilot study showed that 320 
trials were enough to be sure that the subjects pushed the button at least 10 times in 
each phase (20 trials per phase). All 640 trials were used randomly. The trials were 
separated by a random interval in the range of 3.5-6.5 s. Hence, two stimuli were 
always separated by at least two step cycles without a stimulus. The whole 
experiment lasted about 45 minutes.  
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5.2.3 Data analysis 
To study the influence of self-stimulation on the phase-dependent modulation of the 
reflexes, the differences between stimulation by the computer and self-stimulation 
were analyzed. To obtain pure reflex responses in these conditions, the background 
Fig. 1 Background activity and response window setting in the three conditions. A) mean EMG 
(n=10) of the biceps femoris (BF) during one step cycle in one subject. B) representation of the 3 
conditions with responses window settings. The top panel is the control condition, also shown 
between the dashed lines in A. The middle panel is the stimulation by the computer and the 
bottom panel represent the self-triggered stimulation after hearing an auditory cue. Time 0 is time 
of stimulation. The time between the auditory cue and pushing the button in the self-triggered 
condition is variable per trial. For all conditions, one fixed response window was set around the 
time when the responses were found (latency of ~80 ms after stimulation and duration of ~40 ms).
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EMG activity of the control condition (mean of 10 trials) was subtracted point-by-
point (bit-size 1 ms) from the reflex responses of both stimulation conditions for each 
separate phase of the step cycle.  
Quantification of the reflex responses occurred by calculating the mean of the EMG 
data (with SD) over the period in which the responses occurred. Therefore, a single 
time window (see fig.1) was set around the reflexes with latencies of about 80 ms 
after the stimulation (Yang and Stein, 1990; Duysens et al., 1996; Tax et al., 1995; 
Van Wezel et al., 1997) for all 16 phases in each muscle. For all conditions, the 
same time window was used. In analogy with these responses in the cat (Duysens 
and Loeb, 1980) these medium latency responses in humans are also called P2 
responses (Baken et al., 2005). When a muscle showed little or no response, no 
adequate window could be set. In that case, an average window was used, 
calculated from the time windows used to measure responses in (in order of priority) 
other nearby muscles or the same muscles in other subjects.   
To make an intersubject comparison possible, the resulting data underwent both an 
amplitude normalization (to the maximum control value of each phase) and a time 
normalization (a subdivision of the step cycle into 16 phases).  
For the statistical analysis of the differences between computer stimulation and self-
stimulation, a Wilcoxon signed-rank test was used with a significance level of 
p<0.05. The results of self-stimulation after hearing the cue sound, were also 
compared with results were the subjects pushed the button randomly throughout the 
step cycle without any cue. 
 
5.3 Results 
The electrical stimulation of the sural nerve resulted in reflex responses in all 5 leg 
muscles recorded. These reflexes had a latency of ~ 80 ms after stimulation and 
lasted for ~ 40 ms. However, the amplitude of these responses varied between the 
different phases of the step cycle (phase-dependent modulation of reflex responses).  
Fig. 2 shows the averaged reflex responses in the BF in one subject during the 16 
phases (raw data, not subtracted). Stimuli could either be triggered by the computer 
or by the subject. The data were plotted and classified in phases with respect to the 
time of occurrence of the responses (onset of the time window) in the step cycle. The 
reflex responses in the various phases are clearly visible in the time window. It is 
Chapter 5  Self-induced reflexes 
 60 
evident that the amplitude of the self-triggered responses in this subject was much 
smaller (maximum decrease of 71% in phase 14) than of the responses triggered by 
the computer.  
Fig. 2 An example of EMG activity of a typical subject in biceps femoris (BF) after computer 
stimulation (grey) and self-stimulation (black) in the 16 phases of the step cycle. Dashed vertical 
bars represent the time window around the responses. In each phase, the stimulation was given at 
0 ms. 
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The mean normalized reflex and background activity during the 16 phases of the 
step cycle in BF is plotted in fig. 3 for the same subject as in fig. 2. Results of both 
the experiment with and without an auditory cue preceding the subject pushing the 
button to apply the stimuli are displayed. It is obvious that in both cases the self-
induced reflexes were smaller than the reflexes induced by the computer. 
Furthermore, it can be seen that the self-evoked reflex responses with and without 
an auditory cue showed a similar modulation. Therefore, and also because 
stimulation with the auditory cue results in a better distribution of the stimuli over the 
16 phases (without a cue, there are often phases without stimulation), the remaining 
experiments were only performed with an auditory cue. Note that the use of such cue 
did not introduce a systematic delay between cue and response. In fact, their interval 
varied between 390 and 1180 ms and therefore there can not be a systematic effect 
of the cue on the response.  
The mean normalized reflex activity and the background activity during the 16 
phases of the step cycle in all 5 muscles are plotted in fig. 4 (with an auditory cue for 
the subject-condition). Data are from the same subject as in fig. 2 and 3. To obtain 
the pure reflex responses, the control data were subtracted from the reflex data, as 
explained in methods. As can be observed in fig. 4, all muscles showed a reduction 
Fig.  3 Modulation of the reflex responses after computer- and self-stimulation and the level of 
background activity in biceps femoris (BF) during 16 phases of the step cycle in the same subject 
as in Fig. 2. A) the subject pushed the button to give a stimulation, after hearing an auditory cue. 
B) the subject pushed the button randomly throughout the step cycle, without an auditory cue. The 
horizontal line represents the stance phase. *Significant differences (P<0.05) between computer- 
and self-stimulation.  
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in reflex amplitude after self-stimulation. However, this reduction was not the same for 
the various muscles. In the BF, there was a significant reduction in amplitude in the 
self-triggered condition as compared to the computer-triggered condition in phases 1, 
3, 4, 6, 12, 13, 14, and16 (Wilcoxon signed-rank, p<0.05). The difference in reflex 
amplitude between self and computer stimulation was much smaller in TA than in BF 
Fig. 4 Modulation of the reflex responses after computer- and self-stimulation and the level of 
background activity during 16 phases of the step cycle in biceps femoris (BF), tibialis anterior (TA), 
gastrocnemius medialis (GM), gastrocnemius lateralis (GL), and peroneus longus (PL). Data are 
of the same subject as in Figs 2 and 3. The horizontal line represents the stance phase. 
*Significant differences (P<0.05) between computer and self-stimulation. 
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(maximum decrease of 34%). GM showed larger significant differences than BF 
(decrease up to 76%). In addition, there was also a difference in phases of the step 
cycle in which the effects occurred. For BF this was at the beginning of stance and 
the end of swing, while in GM this was only in some phases during stance (phases 4, 
6, and 7).  
The modulation seen in the subject of fig. 2, 3 and 4 was a typical example for the 
modulation in the whole population. All subjects, except one (subject 7), showed a 
reduction in reflex amplitude when they stimulated themselves as compared to 
computer stimulation. However, the level of reduction in reflex amplitude could differ 
slightly among the six subjects in the same muscle or in the same phases of the step 
cycle. Although there were some differences between the subjects, there was no 
reason not to group all subjects together, except for subject 7. The mean reflex 
modulation and background activity in all muscles for this group of 6 subjects can be 
seen in fig. 5, while the data for subject 7 are shown separately.  
 
5.3.1 Subject 7 
Subject 7 showed a different modulation in BF, TA, GL, and PL as compared to the 
remaining population. In these muscles, the amplitude of the reflex responses after 
self-stimulation was irregular and sometimes larger than after computer-stimulation. 
For BF for example, this was significant in phases 2, 5, 7, 10, and 11. In contrast, 
only in phase 12, the computer-stimulation resulted in larger reflex responses as 
compared to self-stimulation. In GL, self-stimulation resulted in significant larger 
responses in phases 1-7 and 13-16, whereas computer-stimulated responses were 
never larger. In GM, there was only a significant reduction in amplitude caused by 
the self-applied stimulation in phase 14. 
To understand why this single person, who was familiar with this kind of stimulation, 
showed partly opposite results as compared to the others, additional analyses were 
undertaken. First, repeating the experiment in the same subject resulted in almost 
exactly the same modulation for computer- as well as for self-stimulation. The 
increased responses for self-generated stimuli as compared to the computer-
generated ones were observed. Second, a number of possible differences were 
investigated. Analyses of stimulus intensity used (in absolute values), mean 
background activity in the phases that the muscles were not active, step frequency, 
delay between the auditory cue and pushing the button, length of the subject, 
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duration and latency of the reflexes all failed to yield significant deviations of this 
subject as compared to the other subjects.  
Fig. 5 Modulation of the reflex responses after computer-and self-stimulation and the level of 
background activity in all muscles during 16 phases of the step cycle. On the left-hand side, data 
are of the whole group, except for the subject (subject 7) who showed a different kind of 
modulation. Data of that subject are separately given on the right-hand side. Horizontal lines 
represent the mean stance phases of the group or subject 7. *Significant differences (P<0.05) 
between computer and self-stimulation.  
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5.3.2 Subtraction 
The difference in amplitude between subject-stimulation and computer-stimulation in 
the group can be seen in fig. 6, in which the mean normalized amplitude of the reflex 
responses after computer stimulation was subtracted from the mean normalized 
amplitude after self-stimulation.  
All 5 muscles showed a different phase dependent modulation of the reflex 
responses after computer and self-applied stimulation in the 5 muscles (note the 
differences in scale). In BF, there was a significant level of reduction in reflex 
responses in phases 3, 4, 5, and 6. In TA, the group had a significant reduction in 
amplitude in the self-applied condition as compared to the computer stimulation in 
phases 6-13.  
Although there were differences among the various phases and muscles, the 
amplitude was generally smaller after self-stimulation than after computer-
stimulation. This was also true for the phases in which the reflex activity after 
computer-stimulation was smaller than the background activity, the so-called reflex 
reversal (a shift from facilitatory (“positive”) to suppressive (“negative; below 
background activity”) responses, see especially in TA and also for example in phase 
15 and 16 in BF in Fig. 5). In other words, in these phases, the suppressive 
responses were exaggerated (more suppressive).  
To summarize all data the mean changes across all phases were calculated. Based 
on the group data presented in fig. 5 and 6, the mean reduction in reflex responses 
was found to be largest in the TA, namely 12.5 % of the maximum background 
activity (mean of all phases and the 6 subjects, normalized with respect to the 
maximum background activity) with a maximum decrease of 30,7% in one phase. 
The mean reduction in BF, GM, and GL was 9.7 %, 7.1 %, and 8.5 % respectively 
(maximum decrease 23.2%, 23.2%, and 23.0% respectively. The smallest reduction, 
nevertheless present in all subjects, was observed in the PL with a mean reduction 
of 2.6 % (maximum decrease of 10.1%). These data are plotted in fig. 7 (gray 
columns).  
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5.3.3 Pre-activation 
It is known that the amplitude of reflexes depends on the level of background activity. 
The question arises whether the reduction in amplitude of the reflex responses after 
Fig. 6 Modulation of the differences between computer- and self-stimulation in the whole group 
(except subject 7). The mean activity after computer stimulation was subtracted from the activity 
after self-stimulation. The error bars represent the standard errors of the mean and the horizontal 
line represents the mean stance phase. *Significant differences between the two conditions 
(P<0.05).  
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self-stimulation could have been related to a reduction in background activity due to 
the anticipation of the voluntary induction of reflexes. To examine this question, an 
extra condition was introduced with catch trials in a separate experiment on one 
subject. Occasionally, the subject pushed the button after hearing the auditory cue 
while no electrical stimulation followed. Such catch trials were added only in 4 
phases (10,11,12,13), to reduce the effect of not knowing whether or not stimulation 
would follow. These trials were then analyzed in the same way as the other trials. No 
significant deviations from the background activity were observed in the period 
following the "dummy" stimulation. To further check in the total population whether 
the reduction in amplitude of the reflex responses after self-stimulation could have 
been related to a reduction in background, the differences in pre-stimulus EMG 
activity was measured between computer- and self-stimulation. A fixed time window 
was set for all 16 phases in all the muscles starting 40 ms before the stimulation until 
the moment of stimulation. A window of 40 ms was chosen because the reflexes also 
had a duration of about 40 ms. No significant change in EMG activity was found for 
this period 40 ms prior to the stimulation in the mean of 6 subjects (see fig. 7). The 
same type of analysis was made for a 40 ms period just preceding the main 
response (30 to 70 ms following stimulation). Again no significant changes in EMG 
activity between the 2 conditions were observed. 
 
Fig. 7 Mean difference in subtracted normalized EMG activity of the computer- and self-
stimulation conditions in the five muscles. The error bars are standard errors of the mean. The 
differences in the time window of the reflex responses are shown as grey columns. The EMG 
differences in the period 40 ms pre-simulation are shown as black columns. The differences are 
averages of 16 phases and 6 subjects, normalized to the maximum background activity.  
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5.4 Discussion 
In this study, self-evoked reflexes were compared with computer-evoked reflexes. As 
compared to computer-triggered stimuli, self-induced sural nerve stimuli during gait 
elicited smaller responses if they were facilitatory and stronger suppressive 
responses if they were suppressive. This principal finding of the present study is in 
agreement with the so-called "cortical suppression hypothesis" (see Introduction). 
This suggests that the cortex predominantly suppresses reflex activation during gait 
when stimulation is self-produced. How does the cortex achieve the reflex 
suppressions when the stimulation is self-produced? A first possibility is that 
voluntary stimulations yielded direct suppression of the motoneurones involved. In 
seated subjects, for example, Gerilovsky and colleagues (2002) observed a 
reduction in EMG activity prior to electrical stimulation when the pulses were self-
applied in contrast to computer-triggered. Similarly in principle, in the present 
experiments the subjects could have suppressed background activity, leading to an 
"anticipatory locomotor adjustment" along the line described by MacFadyan and 
Winter (1991). According to the "automatic gain control" (Matthews, 1986) it is to be 
expected that the amplitude of facilitatory reflexes is smaller when background 
activity is reduced. To examine this possibility, background activity during 40 ms 
prior to, or 40 ms after stimulation was examined. However, no change in activity 
was found in these periods related to anticipation of the stimulation. Furthermore, 
catch trials in which subjects did not receive a stimulation after pushing the button, 
failed to elicit significant changes in background activity. This is in contrast to the 
study of Gerilovsky et al. (2002), possibly because these authors used resting 
conditions, which allow subjects to focus more on the upcoming stimulation. 
Furthermore, perception of electrical pulses may differ between rest and gait 
(Duysens et al., 1995). At any rate, the present control experiments show that the 
observed reductions in amplitude cannot be ascribed to reduction in background 
activity.  
A second more likely possibility is a premotoneuronal source for the suppression. 
Seki et al. (2003) recently demonstrated cortically induced presynaptic inhibition of 
cutaneous afferents to interneurones in the primate spinal cord just prior and during 
voluntary movements. Similarly, it is possible that voluntary induction of reflexes 
results in decreased reflexes because cortical activation adds presynaptic inhibition 
to the reflex pathway. Did the cortex provide such inhibition in the present study? 
The present experiments do not provide conclusive evidence for this but the 
literature would support this contention. In humans, studies with TMS have shown 
that stimulation of the cortex can suppress corticospinal drive to the motoneurones. 
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The resulting suppression in TA motoneuronal activity was typically found following 
low intensity TMS (Petersen et al., 2001) while higher intensities yield TA facilitations 
(Schubert et al., 1997; 1999; Pijnappels et al., 1998; Petersen et al., 2001). TMS 
could also result in late inhibition of the soleus H-reflex (Petersen et al., 1998a). 
Possibly, TMS either activates or suppresses excitatory neurones at cortical level or 
alternatively, TMS might activate spinal inhibitory circuits. To some extent, the 
outcome of TMS effects during gait can be controlled voluntarily (Bonnard et al., 
2002). As TMS can result in suppression of reflexes, voluntary induction of the 
reflexes might also result in suppression of the responses due to activation of the 
cortex.  
There are various cortical areas for suppression (for review see Brooke, 2004). 
Recently it has been suggested that the supplementary motor area provides an 
efferent signal for sensory suppression (Haggard and Whitford, 2004). Consistent 
with this idea is that perception of self-generated movement is severely disturbed 
following parietal lesions (Sirigu et al., 1999). However, it is also possible that 
suppression occurs on the ascending trajectory of the afferent pathway to the cortex 
(see i.e. Morita et al., 1998). 
The present study shows that there is a similar phase-dependent modulation of 
cutaneous reflex responses irrespective of the type of stimulation applied. This result 
is most consistent with the view that the reflex modulation itself is not of cortical 
origin. Instead the modulation could rely on spinal locomotor centers (central pattern 
generators; see Burke, 1999). Suppressive responses in TA motoneurones are likely 
to arise from presynaptic inhibition of excitatory pathways (Van de Crommert et al., 
2003). When reflexes are self-induced, further increase in such presynaptic inhibition 
would yield deepening of suppression. Hence, exaggerated suppression could be 
due to reduced facilitation.  
 
5.4.1 Other muscles 
A secondary aim of the present study was to elucidate the role of the peroneal 
muscles in sural nerve induced reflexes during walking. Under static conditions, 
strong facilitatory responses with short latencies of ~ 44 ms can be elicited in the 
peroneus longus (Aniss et al., 1992). However, the responses were only seen when 
the muscle was pre-activated (except for one subject, with high stimulation 
intensities). Some suppressions with P2 latency (~ 80 ms) were seen as well (Aniss 
et al., 1992). During gait, sural nerve responses in PL have not been studied so far. 
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In the present study, background activity showed a burst during mid-stance (see also 
fig. 5). This pattern of background activity corresponds to that in previous studies 
(Louwerens et al., 1995; Courtine and Schiepatti, 2003). Sural nerve stimulation 
induce P2 suppressive responses irrespective of the origin of triggering (self-induced 
versus computer-generated) during mid stance. In contrast, in GM and GL, which are 
active at about the same time in the step cycle, facilitations frequently occur, 
especially in GL. The suppression in PL was one of the most stable features in the 
present study and in fact, it was present also in the single subject showing quite 
some differences in other muscles. No signs of cross talk with GL and TA were seen.  
 
5.4.2 Intersubject variability 
How do individuals differ with respect to the modulation of responses due to 
anticipation? It has to be emphasized that subjects were not instructed either to 
suppress or to enhance their reflexes. However, the majority of subjects showed 
reduced responses, when the responses were elicited by their own action. 
Nevertheless, there was one subject (subject 7), in which computer-stimulation 
resulted often in smaller responses than self-stimulation. Repeating the experiment 
confirmed this. It follows that individuals can differ with respect to their reflex 
behavior. Such interindividual differences also show up in the phase-dependent 
modulation. It was observed in cats that there often are large individual differences in 
cutaneous responses during gait (Loeb, 1993). Also in humans differences between 
subjects were observed. E.g., the sural nerve induced reflex reversal is seen in some 
subjects but not in others (Duysens et al., 1990; Yang and Stein, 1990; De Serres et 
al., 1995; Zehr et al., 1997).  
These differences may be related to learning since subjects are able to generally 
decrease or increase the gain in certain reflex pathways over extended periods of 
time. Humans can be trained to produce enhanced or decreased stretch-reflex 
responses (Wolf and Segal, 1996; Wolf et al., 1995). In rats, upgrading and 
downgrading the amplitude of H-reflexes can be achieved under static conditions 
(Carps and Wolpaw, 1995; Chen and Wolpaw, 1995; Wolf et al., 1995) and a 
dynamic condition (Chen et al., 2003a;b). In fact, such learned gain changes of the 
H-reflex can be maintained during gait (Chen et al., 2003a;b). It would be of interest 
to see whether humans can also be trained to change the amplitude of their sural 
nerve induced reflexes, as studied here. The observation that walking humans can 
voluntarily modify their MEPs (magnetic evoked potentials; Bonnard et al., 2002) 
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suggests that it should also be possible to voluntarily change reduction in reflex 
amplitudes induced by self-stimulation. 
 
5.4.3 The auditory cue 
The question arises whether the decrease in reflex activity after self-stimulation as 
compared to computer-stimulation is due to anticipation of the stimuli or due to the 
auditory cue. As seen in fig. 3, the modulation of the self-evoked reflexes after an 
auditory cue is quite similar to the one observed without a preceding auditory cue. In 
addition, subjects were told that the cue could not trigger a stimulus and that it was 
only a sign to push the button. Furthermore, the time between the auditory cue and 
the actual stimulation varied widely (because the subjects pushed the button without 
a constant delay). In contrast, the only differences in EMG were seen at latencies of 
~80ms after stimulation, while no difference was seen in the windows just preceding 
the reflex or the stimulus. Therefore, it can be excluded that the decrease in reflex 
activity after self-stimulation is due to a direct effect of the auditory cue. 
 
5.4.4 Functional significance 
Use of an ‘internal forward model’ is suggested to be the basis of the differences in 
sensation between self produced and externally produced stimuli (Wolpert, 1997). In 
such a model, an efference copy of the motor command is used to predict the 
sensory consequences of the ongoing motor act. This is then compared with the 
actual sensory feedback (re-afference) from the movement. Because self-produced 
sensations can be correctly predicted on the basis of motor commands, the resulting 
sensory input is irrelevant and can be suppressed.  
The reduction of self-induced reflexes, i.e. as seen in the present study, have to be 
considered in the same context. For example, there is a reduction in firing rate of 
vestibular neurons during active head movements as compared to passive head 
movements (McCrea et al., 1999). Von Holst and Mittelstaedt (1950) found that the 
reflexive eye, neck, and limb movements produced by passive rotation of the head in 
space, were usually absent during active head movements. In addition, reduction in 
amplitude of the middle latency blink reflex was observed when this reflex was self-
elicited as compared to stimuli delivered by the experimenter (Meincke et al., 2003). 
In all these studies, the primary result is a reduction in reflex effects during voluntary 
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self-stimulation. Just as self-produced sensations, the self-produced stimuli are 































Adapted from: Duysens J, Baken BCM, Hauser C, Verschueren SMP, and Smits-Engelsman BCM 
(submitted). A new method to study arm-unloading responses during gait.
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6.1 Introduction 
The sudden loss of ground support during cat locomotion on a treadmill (i.e. ‘foot-in-
hole’ experiments) elicits a series of responses consisting of a reduction in EMG 
background in support muscles and of a complex flexor reaction to remove the paw 
from the hole (Gorassini et al, 1994; Hiebert et al, 1995). In humans, the corrective 
responses to an unexpected step down or sudden loss of ground support have been 
studied as well. For this purpose, one can either use a platform, which suddenly 
drops during quiet standing (Commissaris et al, 2002) or jumps on a  trapdoor 
(Grüneberg et al, 2003) or landings on a false floor (McDonagh and Duncan, 2002; 
Duncan and McDonagh, 2000; Dyhre-Poulsen and Laursen, 1984; Santello,  2005). 
Unexpected unloading often occurs when walking and therefore several studies have 
recently used unloading perturbation during gait (Grey et al, 2002; Nakazawa et al, 
2004; Nieuwenhuijzen et al, 2002; Marigold and Patla, 2005). The sudden 
unexpected unloading of the leg induces a series of responses in leg muscles. 
During walking, a sudden unloading induces an EMG silencing in support muscles 
(Grey et al, 2002), a finding which is consistent with the absence of load reinforcing 
reflex activations, thought to be important for the generation of activity in the stance 
phase (for review see Duysens et al, 2000; Dietz and Duysens, 2000). In addition, 
some facilitatory responses appear which are possibly related to an automated 
balance correction (Gruneberg et al, 2005), stretch reflexes of short (M1) and long 
latency (M2; Petersen et al, 1998b); or startle responses (Valls-Sole et al, 1999; 
Nieuwenhuijzen et al, 2002). Would similar responses appear in arm muscles if they 
are used as prime movers in gait?  Normally the arms do not play a role in body 
support during locomotion. Admittedly, one could study crawling infants to study 
questions about reflexes during quadripedal human locomotion (Yang et al, 2004) 
but crawling is not a very common locomotor behavior in adults and furthermore, 
there may be differences in reflexes in infants and adults. 
In contrast, crutch walking is a condition widely used by a variety of patients. The 
biomechanics of crutch walking has been studied thoroughly (Noreau et al., 1995) 
but surprisingly little is known about the EMG of arm muscles during crutch walking. 
When crutches are used as sole support during the swing through (2:2 gait mode) 
the arms are required to act against gravity during the single support crutch stance 
phase. During the crutch stance phase, the crutch is pushing the shoulders upwards, 
which presumably is counteracted primarily by contractions in pectoralis and in 
latissimus dorsi. In addition many upper arm muscles can be expected to show 
cocontraction to stabilize the arm and prevent elbow flexion. The collapse of the 
crutch can be expected to produce an unloading stimulus. It is hypothesized that 
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during crutch walking it should be possible to demonstrate EMG silencing in 
supporting muscles in conjunction with unloading. If so, this would add to the 
growing body of evidence showing that there are many similarities in the neural 
control of arm and leg muscles when rhythmic locomotor movements are involved 
(as would be expected if spinal CPGs are involved both for legs and for arms during 
such movements (Zehr and Haridas, 2003; for review see Dietz, 2002; Zehr and 
Duysens, 2004). In addition, the present methods will make it possible to study 
stretch responses or startle reactions in arm muscles during walking using sudden 
drops as have been used in prior studies on static conditions (forward falls see Dietz 
et al, 1978; Dietz et al, 1981; Greenwood et al, 1976). So far, mostly auditory stimuli 
have been used to examine startle responses during gait (Schepens et al, 1995; 
Delwaide et al, 1995; Nieuwenhuijzen et al 2000; 2006).  
To study unloading one needs an instrumented crutch, which can be shortened by 
an external command and which thereby leads to unloading. Such a device (the 
"broken crutch simulator") was built and tested both on a walkway and on a treadmill. 
It allows the investigation of fundamental questions related to unloading responses 
during gait and can also be used in applied studies to evaluate the effects of sudden 
crutch unloading during walking of patients and controls. Recordings were made of 
muscles, which can be assumed to play an antigravity function during crutch walking. 
Pectoralis is described as a muscle able to pull the thorax towards the fixed arm in 
pull-ups, a movement similar to the one performed during the crutch stance phase 
(Calais-Germain, 1993). In addition, recordings were made from upper arm muscles 
involved primarily in fixing the crutch in the armpit. 
 
6.2 Methods 
6.2.1 The shortening of the crutch 
To make a shortening of the crutch possible, a normal crutch was mechanically 
altered as described in the following (see also figure 1). In the middle of the crutch, in 
the area where the two tubes overlapped, a construction for the shortening 
mechanism was embedded. This construction also allowed adjusting the length of 
the crutch to the length of the subject. The initiation of the shortening was made by 
an electromagnet. By a short activation of this electromagnet, a small pin was pulled 
upwards to move a crossbar outwards. This crossbar mechanically locked a hinge, 
which kept the two tubes in a fixed position. By moving this crossbar, the hinge could 
be unblocked and the two tubes were no longer fixed. Under the weight of the 
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subject, the tubes slid quickly into each other, which created a fast shortening of the 
crutch of 6.8 cm. As long as the weight of the subject stayed on the crutch, the 
shortened state of the crutch remained. When there was no loading on the crutch 
anymore (during the swing phase of the crutch), the crutch was brought back to its 
original state with the help of a spring. The tubes were pulled apart again and the 
crossbar went back into its normal state where it blocked the hinge. In the following 
stance phase of the crutch, the crutch preserved the normal length. A sensor 
embedded in the shortening-construction of the crutch recorded whether the crutch 
was in the shortened or in the normal state. A second sensor was placed at the distal 
end of the crutch to register the onset and termination of the stance phase. 
Fig. 1 A) Modified crutch with shortening mechanism. Left side: Normal state of the crutch. 1) 
Electromagnet; 2) crossbar; 3) hinge; 4) spring. The vertical bar indicates the length of the 
shortening. Middle: Shortened state of the crutch. Right side: complete crutch. B) Crutch step 
cycle (adapted from fig 2 of Noreau et al, 1995) 
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6.2.2 Experimental setup 
Eleven healthy volunteers (5 males and 7 females; age range of 22 - 52 years) 
participated in the present pilot study. None of them had a known history of 
neurological or motor disorder. The experiments were performed in conformity with 
the declaration of Helsinki for experiments on humans. All subjects gave their 
informed consent.  
A swing-through crutch-walking task was performed in which both feet performed a 
swing simultaneously while both crutches were in the stance phase (for a description 
of the step cycle, see Fig. 1 based on Noreau et al. (1995). Hence the crutch stances 
phases were synchronous on the two sides. The crutches were always positioned 
well in front of the subjects at the onset of the stance phase (as seen in Fig 1, 
bottom). Crutch contact was defined as the beginning of each “crutch step cycle”. 
Hence, for the legs, one such crutch step cycle consisted of a swing through and a 
following stance phase. The crutch stance phase normally consists of a period of 
crutch single support (without feet used as support), preceded and followed by a 
period of double support (both feet and both crutches used as support). 
The subjects walked with the crutches either on an instrumented walkway or on a 
custom made treadmill (1.2 m wide; 2.5 m length; Bonte, Zwolle, the Netherlands). 
For the treadmill walking the belt speed was set at a constant velocity of 2.5 km/h 
while for the walkway the preferred velocity was chosen. In the treadmill experiments 
the subjects wore a safety harness fastened to an emergency brake at the ceiling. 
To elicit muscular responses, a shortening of 6.8 cm was applied to one crutch. This 
was always at the right side. The crutch on the other side had the same total weight 
and appearance but contained no features allowing a collapse (see above). The two 
crutches looked similar so that subjects could not predict on which side a shortening 
would occur, at least not in the initial trial. For the treadmill experiments, the subjects 
had to wear special shoes with contact switches (designed in collaboration with Algra 
Fotometaal b.v., Wormerveer, the Netherlands) to detect foot contact. To detect 
crutch contact with the treadmill, a small switch was placed under the modified 
crutch. In the walkway trials, initial contact was detected by a force plate (on which 
subjects were instructed to place the crutch). Kinematic analysis was made with a 
VICON motion analysis system (for complete description see Molenaers  et al, 2006; 
Desloovere et al, 2005)  
Electromyographic activity (EMG) was recorded with bipolar Ag/AgCl surface 
electrodes (ConMed Corporation, Utica, New York, USA) from m. pectoralis 
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(sternocostal and clavicular head, sampled separately), m. biceps brachii (BB), m. 
triceps brachii (TB), m. deltoideus anterior (DA), and posterior (DP) of both the 
ipsilateral (same side as collapsing crutch) and the contralateral side. The EMG 
signals were (pre-) amplified, high pass filtered (cut-off frequency 3 Hz), full wave 
rectified, and low pass filtered (cut-off frequency 300 Hz). The EMG signals were 
sampled along with the foot-switch signals of both feet and a digital code referring to 
the stimulus condition. Data were sampled at 1000 Hz and stored on a hard disk, 
where they were analyzed using MATLAB (the MathWorks, Nantick, MI, USA). 
 
6.2.3 Experimental protocol 
Before each treadmill experiment, there was a short training period for the subjects 
to get used to crutch walking on a treadmill. The experiment consisted of two 
different conditions: a control condition without any shortening of the crutch to 
measure the background activity during crutch walking, and a condition with a 
shortening of the crutch unexpectedly triggered by the computer. For each subject, 
the experiment contained training trials (without collapse) and computer triggered 
crutch-shortening trials, in which the crutch was made to collapse some 43 ms (on 
average; SD=7 ms) following loading of the crutches (this loading point corresponds 
approximately to the onset of single support, as seen in Fig 1). The contact switches 
were placed on the middle of the contact surface of the crutch and therefore did not 
give a signal at the onset of double support when the crutches were at an angle with 
the ground surface and very little loading was present. The trials were separated by 
a random interval in the range of 9.-11 s to reduce habituation effects as much as 




6.3.1 Crutch shortening during walking on a walkway with a force plate 
An example of a crutch shortening during one crutch cycle can be observed in figure 
2, based on a stick diagram made on the basis of data from a typical subject, either 
walking normally or with the shortening crutch. 
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The crutch shortening on one side is seen to induce a rotation of the body (see fields 
40 to 60) and an accelerated push-off (around frame 60). During the unloading the 
body can be seen to move downwards. The force plate data reveal two peaks during 
the unloading trials (Fig. 3). 
In Fig. 3, a first small peak (at around 300 ms after the onset of the trace) 
corresponds to crutch contact with the plate while the second peak (at around 540 
ms) coincided with the end of the collapse of the crutch. Just preceding this point 
one can observe the onset of a silencing in muscles which were involved in support 
(m. pectoralis, pars sternalis in Fig. 3). This silencing period started about 130 ms 
after onset loading, lasted about 175 ms and could be reproduced reliably (Fig. 3 
bottom). The crutch collapse in Fig. 3 took some 240 ms. 
 
6.3.2 Crutch shortening during walking on a treadmill 
To examine whether the shortening of the crutch resulted in a different step cycle as 
compared to normal crutch walking, the difference in “crutch step cycle” between the 
Fig. 2 Stick-diagram to illustrate walking with crutches on a walkway. On top the control condition 
without collapse of the crutch. The lower part is an example of an unexpected shortening of the 
crutch, initiated at onset stance after putting weight on the crutch. 
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two conditions was analyzed. The stance phase of the crutch (i.e. when the crutch 
was in contact with the treadmill) was calculated for both conditions. It was found 
that the mean duration of the crutch stance phase in the unloading trials was 3% 
longer than in those without unloading. The unloading period started 44 ± 2 ms after 
first crutch contact and lasted 59 ± 4 ms on average. In contrast, there was a large 
Fig. 3 Typical EMG responses in the ipsilateral pectoralis in trials without (B) and with (C) crutch 
collapse in one typical subject walking on the walkway. A: The output of the force platform during 
a collapse trial. Note the small deviation indicating first crutch contact with the force plate and a 
second larger deviation coinciding with the end of the collapse. B. EMG during normal crutch 
walking. C. EMG during 3 consecutive trials of crutch walking with sudden unloading. Note the 
temporary induced silent periods briefly after unloading. Calibration Y-scale: microvolts. 
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difference when the step cycles were compared to those used overground. As seen 
in Fig. 3, the stance burst lasted about twice as long in the overground experiments 
as compared to those on the treadmill. The short strides on the treadmill were 
induced by limitations in the size of the treadmill, forcing the subjects to take shorter 
steps. 
 
6.3.3 EMG responses 
Silencing responses were not seen in the treadmill experiments but instead some 
other responses prevailed. To fix the crutches in the armpit a cocontraction in biceps  
(BB), triceps brachii (TB), deltoideus anterior (DA), and deltoideus posterior (DP), is 
required bilaterally. After the shortening of the crutch, there is a need to refixate the 
crutch with the arms, which requires extra activations. The required facilitatory 
responses were seen in all measured fixating muscles, both ipsi- and contralaterally 
(abbreviated as i and c). Basically the responses started at the onset of maximum 
unloading (see Fig 4).  
Fig. 4 Mean EMG of ipsilateral biceps brachii in one typical subject, during the two conditions (top: 
control condition without shortening of the crutch and bottom: an unexpected shortening of the 
crutch induced by a trigger from the computer). The three response windows (R1, R2, and R3) are 
indicated with the vertical dashed lines. T=0 is the beginning of crutch loading. The loading on the 
crutch is represented in the grey line on top of the EMG traces. This line is derived from the 
averaged signals from the switch at the bottom of the crutch.  
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In biceps brachii (BB), triceps brachii (TB), and deltoideus anterior (DA), three 
facilitatory responses were observed (R1, R2, and R3). As no third response peak 
could be detected in the deltoideus posterior (DP), only two time windows were set in 
DPi and DPc (R1 and R2). An example of EMG activity in the muscle BBi with the 
three time windows is illustrated in figure 4, along with the crutch switch signal 
indicating crutch contact (averaged over a number of trials). In control trials the latter 
signal was continuously active during stance (top of Fig. 4) while during unloading 
trials the signal was interrupted in the period of unloading (bottom of Fig. 4). The 
beginning of the EMG response of the first time window (R1) approximately 
coincided with the point where the crutch contact switch was reactivated after the 
unloading (~103 ± 4 ms after first crutch loading). The end of R1 was detected at an 
average of 70 ms for all muscles (range 48-89 ms). The response of the second time 
window (R2) was detected from the end of R1 to 144 ms (average; range 125-
159 ms) after the shortened state of the crutch, with a mean duration of 75 ms 
(range 71.3 - 80 ms). Subsequent to this, a third response peak was identified 
(except for DP). Again, the response of the third time window (R3) was taken from 
the end of the previous response window. The end of R3 was set at an average of 
203 ms (range 193-216 ms), with a mean duration of 56 ms (range 50 – 62 ms).  
 
6.3.4 Reproducibility 
The collapse of the crutch could be programmed to occur at a fixed time after crutch 
contact. This allowed obtaining stable responses, which were highly reproducible. An 
example is given in Fig. 5 for 10 consecutive trials of crutch shortening. The 
responses in BBi consisted of 3 peaks, corresponding to the R1, R2 and R3 windows 
described above.  All 3 peaks appeared reliably in the evoked responses. 
 
6.4 Discussion 
In this study, a sudden shortening of the crutch was tested as a new method to 
evoke unloading responses in arm muscles during gait. A first major result was that 
sudden unloading, such as introduced by a collapsing crutch, could reliably induce a 
series of EMG reductions or enhancements in a set of upper arm muscles.  
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EMG amplitude reduction prevailed in pectoral muscles, which worked against 
gravity in crutch walking on a walkway. The unloading was identified as the most 
likely stimulus responsible for the suppressions since the onset of the responses 
occurred in the period of shortening of the crutch, hence prior to the main shock, 
resulting from the crutch being maximally shortened. Such unloading could have led 
to the interruption of load reinforcing reflexes in these upper body muscles, in 
analogy with the situation in leg muscles. Indeed, load/force feedback is thought to 
reinforce the leg extensor muscle activation while walking (e.g. Duysens et al, 2000; 
Dietz and Duysens, 2000; Finch et al, 1991; Harkema et al, 1997; Stephens and 
Yang 1999; Grey et al, 2002; 2004; Sinkjaer et al, 2000; Mazzaro et al, 2005; Faist et 
al, 2006). The most direct evidence for the latter type of reinforcing force feedback 
Fig. 5 Repeatability of the responses in biceps brachii (BBi) of one subject during 10 trials of 
crutch unloading during walking on the treadmill . T=0 represents the fully shortened state of the 
crutch. Note that the 3 main responses were present in most trials. 
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comes mostly from cat experiments on triceps surae (Duysens and Pearson, 1980; 
Conway et al, 1987; Pearson et al, 1998, 1992; Whelan et al, 1995; Hiebert and 
Pearson 1999; Donelan and Pearson 2004; for review see Duysens et al, 2000). 
Sudden unloading has been studied in cats using the so-called "foot in hole" type 
experiments (Hiebert et al, 1995; Gorassini et al, 1994). It was hypothesized that the 
absence of reinforcing reflexes would lead to a reduction in the EMG background of 
the supporting muscles. In agreement with this it was found that EMG silencing 
occurred in the lateral gastrocnemius muscle (Hiebert et al, 1995; Gorassini et al, 
1994).  
In humans, there have been some attempts to perform similar experiments, although 
in all cases the experiment was slightly different since, in contrast to the cats, the 
subjects were allowed to touch a given surface, which then collapsed (Nakazawa et 
al, 2004; Marigold et al, 2005; Grey et al, 2005). Nevertheless the results of the 
human experiments showed some similarities in that some showed a 17-18 % 
reduction in Soleus EMG just following the unloading (Grey et al,  2005). Other 
evidence for a role of reinforcing force feedback in humans is available as well (Faist 
et al, 2006; Mazzaro et al, 2006). Furthermore there are indications that group II 
afferents could also be involved in reinforcing reflexes during gait in humans 
(Sinkjaer et al, 2000;Grey et al, 2004; Mazzaro et al, 2006). For leg extensor 
muscles such as triceps surae, it is estimated that a large proportion of the EMG 
during stance is generated through reflexes (Yang et al, 1991; Sinkjaer et al, 2000; 
Grey et al, 2004). The present data suggest that this is true also for arm muscles 
when they are involved in the support during gait.  
 
6.4.1 Facilitatory responses in upper arm muscles 
In the experiments on a treadmill, the muscles examined did not show an EMG 
silence in response to the collapse. Instead a series of facilitatory responses were 
observed. This difference in responses was likely to be related to the shorter steps 
taken on the treadmill (it was more difficult to walk on the treadmill with the crutches 
and stride length had to be reduced). 
The onset of the first facilatory responses observed on the treadmill (R1) coincided 
with the onset of the fully unloaded state of the crutch. Hence the earliest responses 
could not have been induced by the mechanical shock at the end of the crutch 
shortening period. Instead the earliest responses were likely related to the onset of 
the crutch shortening since this occurred some 59 ms before response onset. In 
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sudden forward falls the responses of biceps brachii to stretch occur 20-30 ms after 
landing impact, arising from a more or less plateau-like activity which started about 
130 ms before impact (Dietz et al, 1981). In some studies distinct later responses 
were found as well, the second peak having a latency of 60-80 msec after impact. 
The activity prior to impact was seen as preprogrammed activity triggered by the 
onset of the fall (see also Santello, 2005 for review). In the present experiments, it 
may be argued that the onset of the crutch shortening could have induced stretch 
reflexes, as it is known that minor length changes are sufficient to trigger fast stretch 
reflexes (Schillings et al, 1999; Schillings et al, 2000). However, in the present study 
the responses were so large that other explanations have to be considered as well. 
Unexpected drops can lead to vestibular responses or to startle.  Vestibular 
responses were proposed to play a role in humans (Jones and Watt, 1971)  but part 
of the responses persists in patients lacking vestibular function (Allum et al, 1994). 
Startle responses are thought to play a role as well (Greenwood and Hopkins, 1976; 
Bisdorff et al, 1999). Usually, trigeminal activation (such as air puffs over the 
forehead) has been used as somatosensory startling stimuli but it is suggested here 
that sudden drops due to crutch collapse, could be effective as well just as are other 
types of sudden drop ( such as occur in forward fall of in full body drop after release; 
Greenwood and Hopkins, 1976; Bisdorff et al, 1999). Startle responses are seen 
predominantly in flexor muscles (Rossignol, 1975), although clear responses have 
been observed in extensor muscles as well (Delwaide and Schepens, 1995). This 
corresponds with the results of the present study, where largest responses were 
observed in BBi. Brown and colleagues observed startle responses in BB as well as 
in TB. However, flexor activity predominated and the responses were more 
persistent in BB (Brown et al, 1991). These responses had a mean latency of 73 ms 
for BB. All this evidence points towards there being a relation between the observed 
responses in BBi and startle. So far, most studies on startle during gait have focused 
on auditory stimuli (Delwaide and Schepens, 1995; Schepens and Delwaide, 1995; 
Nieuwenhuijzen et al, 2000, 2006). However, the present study shows that other 
types of startle may be explored as well. This is much needed, as there is a lack of 
studies on the effects of various forms of startle on gait. With the present method it is 
possible to reliably evoke characteristic startle-like EMG responses in arm and 
shoulder muscles during walking with crutches.  











Self-induced arm unloading responses are smaller than externally 

















Adapted from: Baken BCM, Hauser C, Geurts ACH, Dietz V, and Duysens J (submitted). Self-induced 
arm unloading responses are smaller than externally triggered ones during walking with crutches.
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7.1 Introduction 
A perturbation can have quite different effects depending on whether one is 
expecting it or not. For example, when subjects are allowed to elicit a cutaneous 
reflex themselves during gait, the EMG responses are reduced some 30% on 
average as compared to when the same stimuli are triggered externally (Baken et 
al., 2006). It is unknown whether the same applies to mechanical perturbations, such 
as occur with sudden unloading. In previous work sudden unloading could be 
introduced by having subjects step on a trapdoor which could collapse 
(Nieuwenhuijzen et al., 2002). However, in these experiments it was not possible to 
compare elf-induced and externally introduced perturbations.   
Self-induced treadmill deceleration and acceleration perturbations evoked bilateral 
tibialis anterior activation or ipsilateral gastrocnemius and contralateral tibialis 
anterior activations, respectively (latency in either condition and on both sides was 
65-75 ms, duration about 150 ms) (Berger et al., 1984). In this study, self-induced 
responses were slightly smaller than the ones observed after externally triggered 
perturbations. However, this issue was not extensively studied as it was only a 
sideline of their investigations.  
For the current experiments a different paradigm was developed. Subjects walked 
with crutches on a treadmill and one of the crutches could collapse either on 
command of the subjects (pushing a button on the crutch) or by a trigger from a 
computer. It was expected that these perturbations would induce startle-like EMG 
responses in various muscles of the arms on both sides. From earlier work on 
auditory startle during gait it is known that such EMG responses occur at a latency of 
around 80 ms and that they lead to coactivation of agonist and antagonist muscles  
(Nieuwenhuyzen et al., 2000; Schepens and Delwaide, 1995).  
It was hypothesized that the current unloading due to the collapsing crutches would 
induce a somatosensory type of startle response with a latency comparable to the 
auditory startle. Furthermore it was expected that this type of early response would 
be most strongly reduced by anticipation. Thus, the earliest responses, which 
presumably rely on brainstem startle circuits (Lee et al., 1996) should be more 
reduced than later responses which are likely to depend on pathways involving the 
cortex (Petersen et al., 2003). Somatosensory-evoked startle has been studied much 
less extensively than auditory startle. However, it is expected that both should exhibit 
strong habituation (for review see Yeomans et al., 2002). Hence a stronger 
habituation of the early self-induced responses is hypothesized.  
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7.2 Methods 
7.2.1 Experimental setup  
Eleven healthy volunteers (5 males and 6 females; age range of 22 - 28 years) 
participated in the present study. None of them had a known history of neurological 
or motor disorder. The experiments were performed in conformity with the 
declaration of Helsinki for experiments on humans. All subjects gave their informed 
consent.  
The presently used methods have been described in more detail in a recent 
publication from our department (Duysens et al., submitted). The essentials are 
given here, together with some specific procedures. The subjects walked with two 
crutches on a treadmill (Bonte, Zwolle, the Netherlands) at a constant velocity of 2.5 
km/h. A swing through crutch-walking task was performed meaning swinging with 
both feet simultaneously while both crutches were in the stance phase. They wore a 
safety harness fastened to an emergency brake at the ceiling. To elicit muscular 
responses, a shortening of 6.8 cm was applied to one crutch, always at the right 
side. The crutch on the other side had the same total weight and appearance but 
contained no features allowing a collapse (see further). 
The subjects had to wear special shoes with contact switches (designed in 
collaboration with Algra Fotometaal b.v., Wormerveer, the Netherlands) to detect foot 
contact. A small switch was placed under the modified crutch to detect crutch contact 
with the treadmill. As it was required to walk simultaneous with both crutches, crutch 
contact was similar for both crutches. Crutch contact was defined as the beginning of 
each “crutch step cycle”. Subsequently, for the legs, one such crutch step cycle 
consisted of a swing through and a following stance phase.  
Electromyographic activity (EMG) was recorded with bipolar Ag/AgCl surface 
electrodes (ConMed Corporation, Utica, New York, USA) from the biceps brachii 
(BB), triceps brachii (TB), deltoideus anterior (DA), and the deltoideus posterior (DP) 
of both the ipsilateral and the contralateral arm. The EMG signals were (pre-) 
amplified, high-pass filtered (cut-off frequency 3 Hz), full wave rectified, and low-pass 
filtered (cut-off frequency 300 Hz). The EMG signals were sampled along with the 
foot-switch signals of both feet and a digital code referring to the stimulus condition. 
Data were sampled at 1000 Hz and stored on a hard disk, where they were analyzed 
using MATLAB (the MathWorks, Nantick, MI, USA). 
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7.2.2 Experimental protocol 
Before each experiment, there was a short training period for the subjects to get 
used to crutch walking on a treadmill. The experiment consisted of three different 
conditions: a control condition without any shortening of the crutch to measure the 
background activity during crutch-walking, a condition with a shortening of the crutch 
triggered by the computer, and a condition with a shortening of the crutch triggered 
by the subjects pushing a button fixed at the handhold of the modified crutch. The 
subjects were instructed to walk on the crutches with a complete swing-through 
phase, during which full body weight was only supported by the crutches. 
For each subject, the experiment contained 56 trials. The first trial was always a 
computer-triggered trial to have the very first shortening unexpected. This trial was 
analyzed separately to exclude a first-trial effect from the rest of the experiment. 
Thereafter, the series of the remaining 55 trials was carried out randomly. In the 
"computer" condition, stimuli were delivered right after crutch contact. In the "subject" 
condition, the subjects had to trigger the shortening themselves, one cycle after 
hearing a short auditory cue. This cue was above the level of the noise of the 
treadmill, but not loud enough to elicit a startle reflex. The subjects were instructed to 
push the button one step cycle after the auditory cue, right after crutch contact, 
hence approximately at the same time as the computer triggered the shortening 
during the computer condition.  
Fifteen trials were sampled in the control and computer condition. Because it can be 
difficult to push the button right at crutch contact, 25 trials were measured in the self-
triggered condition. Trials in which the subjects did not push the button at the right 
time (i.e. mean of the computer-triggered latency +/- 50ms) were excluded for further 
analysis. All conditions were used randomly. The trials were separated by a random 
interval in the range of 9-11 s to prevent habituation as much as possible and to 
return to the normal crutch-walking pattern after the shortening of the crutch. The 
experimental run lasted about 15 minutes.  
 
7.2.3 The shortening of the crutch 
To make a shortening of the crutch possible, a normal crutch was mechanically 
altered as described in the following (see also figure 1): In the middle of the crutch, in 
the area where the two tubes overlapped, a construction for the shortening 
mechanism was embedded. This construction also allowed adjusting the length of 
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the crutch to the length of the subject. The initiation of the shortening was made by 
an electromagnet. By a short activation of this electromagnet, a small pin was pulled 
upwards to move a crossbar outwards. This crossbar mechanically locked a hinge, 
which kept the two tubes in a fixed position. By moving this crossbar, the hinge could 
be unblocked and the two tubes were no longer fixed. Under the weight of the 
subject, the tubes slid quickly into each other, which created a fast shortening of the 
crutch of 6.8 cm. As long as the weight of the subject stayed on the crutch, the 
shortened state of the crutch remained. When there was no loading on the crutch 
anymore (during the swing phase of the crutch), the crutch was brought back to its 
original state with the help of a spring. The tubes were pulled apart again and the 
crossbar went back into its normal state where it blocked the hinge. In the following 
stance phase of the crutch, the crutch preserved the normal length. A sensor 
embedded in the shortening-construction of the crutch recorded whether the crutch 
was in the fully shortened or in the normal state. 
7.2.4 Data analysis 
To study the influence of anticipation through a self-triggered shortening of the crutch 
on the muscle activity prior to and after this shortening, the differences in EMG 
response between computer- and self-triggered shortening were analyzed. To obtain 
pure changes in muscle activity due to the shortening, the background EMG activity 
of the control condition (mean of 15 trials) was subtracted point-by-point (bit-size 1 
ms) from the muscle activity of both shortening conditions.  
Fig. 1 Modified crutch with shortening mechanism. Left side: Normal state of the crutch. 1) 
Electromagnet; 2) crossbar; 3) hinge; 4) spring. The vertical bar indicates the length of the 
shortening. Middle: Shortened state of the crutch. Right side: complete crutch. 
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To quantify the muscular responses, time windows were set over the time periods in 
which the responses appeared and the mean amplitude of the EMG data over these 
periods was calculated. For all three conditions, the same time windows were used. 
To make an intersubject comparison possible, the resulting data underwent an 
amplitude normalization (to the mean control activity for each individual subject).  
For the statistical analysis of the differences between computer- and self-triggering, 
both within each individual and across all subjects, a Wilcoxon signed-rank test was 
used with a significance level of p<0.05. 
 
7.3 Results 
An individual example of EMG activity during normal crutch walking in BB, TB, DA, 
and DP is shown in fig. 2. Only ipsilateral muscles are plotted. However, because the 
subjects were instructed to use swing-through crutch walking, in which both feet 
performed a swing simultaneously while both crutches were in stance phase, the 
ipsi- and contralateral muscles are comparable.  
Fig. 2 Individual EMG activity during normal crutch walking in ipsilateral biceps brachii (BB), 
triceps brachii (TB), deltoideus anterior (DA), and deltoideus posterior (DP). On top, the crutch 
contact with the treadmill is plotted.  
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7.3.1 Crutch stance phase  
In the control trials, the crutch stance phase (period during which both crutches were 
on the treadmill belt) lasted 624 ± 27 ms (mean ± standard error) averaged over all 
subjects. For the two unloading conditions, the stance phase was divided into three 
parts. The first part was from crutch contact to the beginning of the unloading period. 
This was 44 ± 2 ms for the computer condition and 49 ± 4 ms for the subject-
triggered unloading. The second part was the actual unloading period with a duration 
of 59 ± 4 and 57 ± 4 ms for the computer and self-triggered unloading, respectively. 
In the last part, the crutch was loaded again (as seen in the contact switch traces). 
The mean duration of these periods was 541.2 ± 29.0 ms in the computer-triggered 
trials and 493.3 ± 28.3 ms in the subject-triggered trials. In total, the stance phase of 
the crutch was 644 ± 25 ms and 599 ± 34 ms for the computer- and subject-triggered 
unloading, respectively. The total stance phase of the subject-triggered trials was on 
average 7 % shorter than the stance phase of the computer-triggered trials. 
However, this difference was not significant. 
  
Fig. 3 Mean EMG of ipsilateral biceps brachii in one typical subject, during control crutch walking 
(top) and crutch collapse (bottom). The control condition without shortening of the crutch is shown 
in the upper part, the computer- (black) and self-triggered (grey) shortenings are plotted 
superimposed in the lower part. The three response windows (R1, R2, and R3) are defined with 
the dashed lines. T=0 is time of fully shortened state of the crutch. The loading on the crutch is 
represented in grey (at the bottom it is only shown for the computer condition for clarity). 
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7.3.2 Response windows 
The analysis of the EMG data was focused on two periods, one preceding and one 
following the onset of maximum unloading. The sudden unloading resulted in 
responses in all measured arm muscles, both ipsi- and contralaterally (abbreviated 
as i and c) as is illustrated in Fig. 3 for a single subject for BBi.  
All muscles showed three facilitatory responses (R1, R2, and R3) except for 
deltoideus posterior (DP), which only exhibited two EMG responses (R1 and R2). 
The responses were determined in relation to T=0 ms, the point where the crutch 
reached its fully shortened state as indicated by a sensor in the crutch. This point 
was 103 ± 4 ms after first crutch contact for the computer-triggered unloading and 
106 ± 8 ms after first crutch contact for the subject-triggered unloading. The end of 
R1 occurred at an average of 70 ms (range 48-89 ms). The responses in the second 
time window (R2) were detected from the end of R1 to 144 ms (average; range 125-
159 ms), with a mean duration of 75 ms (range 71 - 80 ms). The third time window 
(R3) was taken from the end of R2 to an average of 203 ms (range 193-216 ms), 
with a mean duration of 56 ms (range 50 – 62 ms).  
 
7.3.3 Reduction of EMG activity in a typical subject 
For all three conditions, the mean amplitude of the BBi in the three response 
windows is shown in figure 4 for one typical subject (same subject as in figure 3). 
There is a significant reduction in muscle activity in the subject-initiated unloading as 
compared to the computer-triggered unloading in all of the three time windows 
(p<0.017). For the BBi, the reduction in muscle activity due to the self-triggered 
unloading was 60 %, 48 %, and 31 % of the mean EMG activity of the computer-
triggered shortening for R1, R2, and R3, respectively.  
A similar pattern was observed in all of the measured muscles of this subject. For 
example in TBc, a significant reduction could be seen in R1 as well as in R2 
(P<0.05), whereas a non-significant reduction between the two stimulus conditions 
was detected in R3. The amount of the reduction in TBc was 41 %, 31 %, and 23 %, 
respectively, for the three response windows. Not all of the measured muscles 
showed a significant difference between the two unloading conditions in all three 
response windows. However, a tendency of the subject-induced response to be 
smaller than those elicited by the computer was observed throughout all response 
windows in all muscles. One exception to this was the DAc in R3, in which the 
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muscle activity in the subject-triggered trials was on average 8 % larger than the 
activity in the computer-initiated trials. However, this difference was not statistically 
significant. When comparing the three windows it was found that the amount of 
reduction in R3 (R2 in DPi) was significantly smaller than the reduction in R1 in all 
muscles, except for DAi and DPc. 
 
7.3.4 Reduction of EMG activity in all subjects 
The reduction of the EMG activity as found in the previously described subject was a 
typical example for the response pattern in all subjects (fig. 5). All eight muscles 
showed a response reduction in the subject-evoked responses as compared to the 
computer-triggered ones and this reduction was significant in 41 % of all time 
windows (averages of all subjects; 3 time windows per muscle (2 for DP) = 22 
windows in total). As an exception, DAc showed a small (although not significant) 
increase in amplitude in R3 when the unloading was triggered by the subject as 
compared to the computer. The reduction in EMG amplitude due to self-triggering of 
the crutch-shortening was largest in the first period following collapse and the 
difference subsided in later periods (36.0, 22.3, and 16.7% reduction for R1, R2, and 
R3 respectively).  
 
Fig. 4 Example of mean normalized response amplitudes of ipsilateral biceps brachii (BBi) of a 
typical subject, analyzed for the three successive response windows (R1, R2, and R3). Asterisks 
(*) represent significant differences (p≤0.017) between the conditions. Error bars are standard 
errors. 
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7.3.5 EMG activity preceding the shortened state of the crutch 
Changes in EMG activity might occur even prior to the perturbation, i.e. in 
anticipatory postural adjustments (APAs). Anticipation of the shortening of the crutch 
might have influenced the arm muscle activity prior to full unloading. The background 
Fig. 5 Mean normalized EMG amplitudes of all subjects (n=11) in ipsilateral (i) and contralateral 
(c) biceps brachii (BB), triceps brachii (TB), deltoideus anterior (DA), and deltoideus posterior 
(DP). Asterisks (*) represent significant differences (p≤0.017). Error bars are standard errors of the 
mean. 
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activity of the arms could be altered during this period, which could change the gait 
pattern during walking with crutches. To investigate this possibility, two periods were 
additionally analyzed, one for the 50 ms period just preceding the onset of unloading 
and one for the unloading period itself (50 ms prior to full unloading). Yet, no 
significant differences were observed between the computer- and the subject-
triggered activity periods (average of all subjects) in any of the 8 muscles 
investigated.  
 
7.3.6 Habituation to the unloading  
Fig. 6 shows the habituation in R1 for the computer-triggered condition as well as for 
the subject-triggered condition in BBi (average of all subjects) calculated with a linear 
regression. The BBi was the only muscle which showed an habituation effect. The 
correlation coefficient for computer-triggered unloading was R=-0.875 and for 
subject-triggered unloading R=-0.124. Only the computer-triggered condition showed 
a significant habituation effect (P<0.001). The response to the first trial (always a 
computer-triggered one) was plotted in Fig. 6, but was excluded from the calculation 
of the habituation rate, because the first-trial yielded excessive responses as 
expected (Duysens et al., submitted). 
Fig. 6 Habituation of mean normalized EMG responses in the R1 window of ipsilateral biceps 
brachii during the progression of the experiment. Data are averages of the mean responses of all 
subjects (n=11). Trial no.1 is the first trial (always a computer-triggered one), which was excluded 
for the calculation of the habituation rate (linear regression) during the experiment. Correlation 
coefficient for computer-triggered unloading is R=-0.875 and for subject-triggered unloading R=-
0.124. Significant decrease is only detected in computer-initiated unloading trials (p=<0.001). 
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7.4 Discussion 
The present results show that sudden unilateral unloading during crutch walking 
induces a series of EMG responses in a variety of arm muscles. The earliest 
responses (R1) should be directly related to the unloading since they started almost 
simultaneously with the end of the unloading phase. Later responses (R2 and R3) 
could be related to the impact following unloading since stretch reflexes of the arm 
muscles can be expected to have a minimum latency of some 40 ms while the R2 
responses occurred at 70 ms.  
The R1 unloading responses occurred some 57-59 ms following the onset of 
unloading. Such short latency would be compatible with a spinal or bulbar response, 
while the latency is too short for a transcortical loop (Christensen et al., 2000). The 
unloading could have induced changes in fast afferents, either from spindles, Golgi 
Tendon Organs or even from mechanoreceptors in the skin pressed against the 
crutch. In the literature there are several indications that unloading can act as a 
trigger to influence ensuing reflex responses. For example, when subjects passed 
through a false floor en route to the solid floor when landing from a jump, the 
amplitude of the EMG reflex activity after landing was double that found in direct falls 
(McDonagh and Duncan, 2002). This result suggests that the absence of load 
receptor signals expected at the time of false floor impact could act as a trigger to 
generate reflex responses and that salient error signals from a comparison of 
expected and actual sensed load may be used to reset reflex gains. Similar results 
were obtained in a study on subjects stepping on an unexpectedly lower surface 
(Van der Linden, 2005). Responses after touchdown were increased and in addition, 
in several leg muscles consistent EMG responses occurred 50 ms after expected 
heel contact, which was before the actual heel contact took place. Again, unloading 
was thought to act as the trigger for the changes in these responses. In a similar 
study the reflex responses were studied to a drop of the support phase during 
walking (Nakazawa et al., 2004). Large responses were seen in lower leg agonists 
and antagonists with a latency of about 140-160 ms after the onset of the drop, 
compatible with long loop reflexes. Similar induced cocontractions have been 
observed in related situations were the actual load differed from the expected one at 
touchdown during gait (stepping on a compliant surface, Marigold and Patla, 2005; 
slipping, Marigold and Patla, 2002; Marigold et al., 2003; Tang et al., 1998). 
Alternatively, it may be argued that, alternatively, vestibular signals may have been 
involved in the generation of the EMG responses. EMG responses to sudden onset 
free falls (subjects lay supine on a couch which was unexpectedly released into free 
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fall) were seen in leg muscles such as quadriceps (latency ~75 ms) and tibialis 
anterior (latency ~80 ms) (Bisdorff et al., 1995). An involvement of the brainstem 
reticular formation was made likely by the finding that the responses usually were 
lacking in patients with lesions in these structures (Bisdorff et al., 1999). However, it 
is unlikely that such vestibular induced responses are very potent since in two 
patients with a loss of vestibular function, EMG responses were recorded at slightly 
delayed latencies, showing that these can be elicited by non-vestibular inputs. 
Similar, in the present experiments, in which head drop was quite small, it is unlikely 
that vestibular input played a major role. 
A second major result of the present study was that the arm EMG responses were 
generally smaller when the perturbation was self-induced. In principle, such 
reduction could have been due to a reduction in background EMG activation in the 
muscles involved, since the amplitude of EMG responses depends on background 
EMG activity. In leg muscles, our group showed that anticipation of unloading can 
induce a change in background before landing on a platform  (Grüneberg et al., 
2003). For example, a significant higher EMG amplitude was observed in the soleus 
muscle in the 50 ms period preceding landing when the subjects had pre-knowledge 
that the platform would not invert and would not cause unloading. However, in trials 
where the subjects knew that there would be an unloading, there was no difference 
with the randomized trials in which the subjects had no pre-knowledge. In the 
present study, no anticipatory change was observed prior to the self-induced 
collapses in the activity of the muscles investigated in the two time windows 
preceding touchdown. A possible explanation for this difference is that the subjects 
concentrated on the upcoming unloading after touchdown, whereas in the previous 
study the focus was on the touchdown itself. The fact that the reduction in EMG 
amplitude due to anticipation was largest in R1 and diminished in later periods, is in 
line with this explanation.  
 
7.4.1 Habituation 
Habituation was observed in the earliest responses after computer-triggered 
unloading in BBi. However, when the unloading was self-induced, the habituation 
disappeared. The observed habituation in the computer-triggered trials could be due 
to startle-related mechanisms. This is in line with experiments with unexpected 
drops, in which startle responses are thought to play a role (Greenwood and 
Hopkins, 1976; Bisdorff et al, 1999). Startle responses are seen predominantly in 
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flexor muscles (Rossignol, 1975), although clear responses have been observed in 
extensor muscles as well (Delwaide and Schepens, 1995). This corresponds with the 
results of the present study, where largest responses were observed in BBi. 
Anticipation of the unloading leads to a reduction of the startle component. The fact 
that the reduction in EMG amplitude due to anticipation was largest in R1 and 
diminished in later periods, is in line with this explanation. 
 
7.4.2 Limitations due to the treadmill 
Finally some limitations of the study have to be mentioned. The present results 
depend heavily on the use of a treadmill and extrapolation to overground walking 
should be made with caution. The use of the treadmill had great advantages (i.e. 
control of speed) but it forced the subjects to make smaller steps and perhaps also 
to be more startled because of walking on an elevated surface.  In some control 
experiments performed with the same crutches on a walkway, it was indeed found 
that the steps taken were much larger than those on the treadmill (Duysens et al., 
submitted). Furthermore, there were less startle responses and more EMG silencing 
reactions.   
 
7.4.3 Conclusions 
The reduction in muscle EMG responses due to self-triggered shortening of the 
crutch as observed in the present study suggests that an anticipation of the reflex-
evoking stimulus is able to attenuate output in human arm muscles. This is 
functionally meaningful since it represents a shift from reactive to proactive control, 
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8.1 Introduction 
Electrical stimulation of the sural nerve results in reflex responses in several muscles 
during gait (Duysens et al., 1990; 1991; 1992; Yang and Stein, 1990; Zehr et al., 
1997). These studies showed that the amplitude of the reflexes varies during the 
step cycle, depending on the phase of stimulation. This is called a phase-dependent 
modulation. Not only the amplitude, but also the direction of the reflex responses can 
vary during the step cycle. In tibialis anterior (TA) for example, suppression below 
the background activity can be observed when the stimulus is applied at the end of 
the swing phase (the so called reflex-reversal; see also Duysens et al., 1990; Yang 
and Stein, 1990; Zehr at al., 1997).  
The amplitude of the reflex responses does not only depend on the phase of the step 
cycle in which the stimulus is presented. There is also a task-dependency of reflex 
responses. For example, during walking, cutaneous reflexes (e.g. due to electrical 
stimulation of the N.Suralis) are relatively easy to elicit (Baken et al., 2005; 2006; 
Duysens et al., 1993). In contrast, during standing, it is more difficult to detect these 
responses and the amplitude is often smaller (Duysens et al., 1993; Kanda and Sato, 
1983; Komiyama et al., 2000).  
The task-dependency of cutaneous reflexes has been explored in several recent 
experiments (for review see Zehr and Duysens, 2004). In a study of Haridas and 
colleagues, people walked under 5 conditions (normally; arms crossed; while 
receiving perturbations; arms crossed and receiving perturbations; with the hands 
holding to fixed handles) and they observed that these manipulations resulted in 
significant changes in reflex responses (Haridas et al., 2005). Reflexes evoked with 
superficial peroneal nerve stimulation showed marked facilitation during the most 
unstable walking condition in 4 of the 7 muscles tested. The reflexes in the muscles 
of the contralateral leg also showed suppression during the most stable walking 
condition. 
Reflexes are influenced by sensory input through an integration of vestibular, visual 
and proprioceptive information (Kennedy and Inglis, 2002; Allum and Honegger, 
1998; Dietz, 1992). These different sensory systems work together and act on each 
other. Due to this interaction, there is control of balance and adaptation to a specific 
movement or position. Similarly, the position of different parts of the body can 
influence the amplitude of reflex responses. Most of the studies on the influence of 
the position of different body parts deal with the H-reflex. In supine position Knikou 
and Rymer (2002) showed a suppression of soleus H-reflex excitability up to 50% 
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with hip flexion as compared to the control condition. Chapman and colleagues 
(1991) also observed that static changes of the hip could modulate the excitability of 
the H-reflex in the soleus muscle. Changes in head position influence the amplitude 
of the H-reflexes as well (Hayes and Sullivan, 1976). Most of the studies (Traccis et 
al., 1987; Hayes and Sullivan, 1976) observed that contralateral head movement 
facilitates the H-reflex in the soleus muscle and, conversely, ipsilateral head 
movement inhibits the H-reflex. However, little is known about the influence of head 
position on polysynaptic (musculo-)cutaneous reflexes after electrical stimulation of 
the sural nerve. To answer this question, human adults had to walk on a treadmill 
holding their head in different positions. While walking, an electrical pulse was 
administered to the sural nerve during various phases of the step cycle. It was 
hypothesized that these manipulations would lead to changes in the reflex 
responses, as well as in the walking pattern, because walking with the head turned 
constitutes a task which is very different from normal walking. In line with primitive 
reflexes such as the asymmetric tonic neck reflex, it is expected that extensor 
muscles are facilitated and flexor muscles suppressed on the side towards which the 
head is turned. 
 
8.2 Methods 
Similar methods as used in the present study have been described elsewhere in 
detail (Duysens et al., 1996; Van Wezel et al., 1997). Therefore, only the essentials 
and specific procedures are described below.  
 
8.2.1 Experimental setup  
Eleven healthy volunteers (4 males and 7 females; age range of 22 - 48 years; mean 
of 29 years) participated in the present study. None of them had a known history of 
neurological or orthopaedic disorder. The experiments were performed in conformity 
with the declaration of Helsinki for experiments on humans. All subjects gave their 
informed consent. They walked on a treadmill (Bonte, Zwolle, the Netherlands) with 
a constant velocity of 4 km/h, wearing a safety harness fastened to an emergency 
brake at the ceiling. 
The subjects had to wear special shoes with contact switches (designed in 
collaboration with Algra Fotometaal b.v., Wormerveer, the Netherlands) to detect foot 
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contact. To elicit a reflex response, an electrical stimulus was given to the sural 
nerve at the lateral malleolus of the right leg, where the nerve is closest to the skin 
surface (approximately halfway between the lateral malleolus and the Achilles 
tendon). For this purpose, a bipolar stimulation electrode (Dantec-Medtronic, 
Skovlunde, Denmark) was used. The exact position of the stimulation electrode was 
determined according to the optimal irradiation of the stimulus, corresponding to the 
innervation area of the sural nerve. To keep stable conditions throughout the 
experiment, the electrode was firmly attached to the skin with surgical tape. The 
stimulus consisted of a train of 5 rectangular pulses of 1 ms duration with a 
frequency of 200 Hz.  
Electromyographic activity (EMG) was recorded with bipolar Ag/AgCl surface 
electrodes (Conmed Corporation, Utica, NY, USA) from the biceps femoris (BF), 
semitendinosus (ST), tibialis anterior (TA), and the gastrocnemius medialis (GM) of 
both the ipsi- and the contralateral leg. The EMG signals were (pre-) amplified, high 
pass filtered (cut-off frequency 3 Hz), full wave rectified, and low pass filtered (cut-off 
frequency 300 Hz). The EMG signals were sampled along with the foot-switch 
signals of both feet and a digital code referring to the stimulus condition. Data were 
sampled at 1000 Hz and stored on a hard disk, where they were analyzed using 
MATLAB (the MathWorks, Nantick, MI, USA). 
The 3-D spatial representation of the body parts in time was assessed with the 
Qualysis system. The Qualysis system collects coordinates of reflecting markers (20 
mm), through 5 infrared cameras (60 Hz frame rate; 1 mm resolution). Cameras 
were calibrated before each experiment. The reflecting markers were placed 
bilaterally on the calcaneus, the head of metatarsal 5, lateral malleolus, trochantor 
major, the first sacral vertebra (S1), and on the acromion. To measure head 
movements, a cap with three reflecting markers (at the front, on the left side and on 
the right side) was placed on the subject’s head. The markers did not interfere with 
the natural movements of the head, trunk and limbs. 
 
8.2.2 Experimental protocol 
Before each experiment, the individual perception threshold (PT) for the stimulation 
was determined by gradually increasing and decreasing the stimulus intensity, while 
a subject was standing quietly. During the experiment, all subjects were stimulated at 
2 times their individual PT. This non-nociceptive intensity gives a tactile sensation on 
the area of the foot innervated by the sural nerve. The PT had to be stable 
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throughout the whole experiment. For this purpose, the subjects had to walk with the 
stimulus electrode for about 15 minutes before the experiment started, until the PT 
was stable. The PT was determined again at the end of each experiment to be sure 
that it was not changed during the experiment. None of the subjects showed a 
change of more than 10% and, therefore, no subjects were excluded for further 
investigation. 
During the experiment, the position of the head was varied. The experiment 
consisted of seven different conditions corresponding to the following required 
positions of the head (see also fig. 1):  
1) Straight ahead  
2) 45° rotated ipsilateral  
3) 45° rotated contralateral 
4) 20° lateroflexion ipsilateral 
5) 20° lateroflexion contralateral 
6) 45° extension 
7) 45° flexion 
To assist the subjects in the task, the correct position of the head was indicated  by 
marks on the wall. Subjects were asked first to visually fixate and to hold their head 
turned towards a mark on the wall, related to a specific condition. This supported the 
subject in adopting the required head position. Then the subjects were asked to 
Fig.1 The 7 different head positions applied by the subjects. The positions are: straight ahead, 45° 
rotated ipsilateral, 45° rotated contralateral, 20° lateroflexion ipsilateral, 20° lateroflexion 
contralateral, 45° extension, and 45° flexion. 
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maintain this head position while they had to turn their eyes (and not their head) to a 
central mark right in front of them during walking. In this way, the eye fixation was 
always the same, regardless of the head position required, in order to standardize 
visual input. The exact position of the head and other body parts was measured 
throughout the experiment with a 3-D analysis system (Qualysis).  
In all conditions, electrical stimuli were delivered during 10 equal phases of the step 
cycle. Heel strike of the right leg was determined as phase 1. On average 8 trials 
were sampled for each phase (range 2-14). In all conditions, trials without a stimulus 
(control trials) were measured to determine the background activity in the various 
conditions. There were 8 control trials in each condition. The stimulus trials of one 
condition were delivered in 2 blocks of 40 trials. The various blocks (N=14) were 
randomized. Furthermore, the various phases were randomized within the 40 trials of 
one block. The individual trials were separated by a random interval in the range of 
3.5-6.5 s. Hence, two stimuli were always separated by at least two step cycles 
without a stimulus. Preceding  each stimulus block, 4 control trials of the same 
condition were measured. Two blocks were separated by an auditory cue. After this 
cue, the subjects had 10 seconds to change to another condition using the 
procedure as described above. The whole experimental run lasted about 45 minutes.  
 
8.2.3 Data analysis 
To study the influence of head-position on the phase-dependent modulation of the 
reflexes, the differences between the various conditions were analyzed. To obtain 
pure reflex responses in each condition, the background EMG activity of the trials 
without a stimulus (mean of 8 trials) was subtracted point-by-point (bit-size 1 ms) 
from the reflex responses after stimulation for each separate phase of the step cycle 
(see fig. 2).  
Quantification of the reflex responses occurred by calculating the mean amplitude of 
the EMG data (with SD) over the period in which the responses occurred. To this 
end, a single time window was set around the reflexes with latencies of about 80 ms 
after the stimulation (Yang and Stein, 1990; Duysens et al., 1996; Tax et al., 1995; 
Van Wezel et al., 1997) for all 10 phases. This was done for each muscle. The 
duration of one phase was about 110 ms, which means that the timing of the reflex 
responses was in the same phase as the stimulation that evoked the reflex 
response. For all conditions, the same time window was used. In analogy with these 
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responses in the cat (Duysens and Loeb, 1980), these medium latency responses in 
humans are called P2 responses (Duysens et al., 2004a; Baken et al., 2005).   
Fig. 2  A. Background activity during one step cycle in TA during walking with the head straight 
ahead (grey) and rotated to the right side (black) in one subject. B. Example of a reflex response 
in phase 5. The arrow in A represents the corresponding time in the step cycle. The pure reflex 
response in shown in the subtracted data (reflex minus background). A window is set around the 
response. Stimulation is given at 0 ms. 
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To make an intersubject comparison possible, the resulting data underwent an 
amplitude normalization to the maximum individual control value in the condition with 
the head straight ahead. For the statistical analysis of the differences between head 
straight ahead and the other conditions, a Wilcoxon signed-rank test was used with a 
significance level of P<0.05.  
 
8.3 Results 
Data from 11 subjects were analyzed. Reflexes were found in all subjects in at least 
one muscle. The latency between the administration of the stimulus and the reflex 
response was around 80 ms in all the subjects and muscles. The results were most 
stable in the TAi (= ipsilateral) and the BFi. The results of BFc, TAc, and GM and ST 
(both ipsi- and contralateral) were less stable. Therefore the results will be focused 
on the BF and the TA on the ipsilateral side.  
 
8.3.1 Head position 
Subjects were asked to hold their head in a constant position during each condition. 
This was achieved quite well. The maximum range of motion observed in one 
subject was 8° during ipsilateral lateroflexion. The mean range of motion across all 
subjects and conditions was 3°. However, not all subjects reached the prescribed 
positions. The mean angles for ipsilateral and contralateral rotation were 32° and 29° 
(SD 14° and 10°), respectively. For ipsilateral and contralateral lateroflexion these 
were 23° and 18° (SD 9° and 7°), whereas for extension and flexion these were 24° 
and 26° (SD 11° and 17°), respectively.  
 
8.3.2 Background activity 
The background activity measured while walking with the head straight was 
compared with the background activity in other conditions. All muscles showed 
changes in background activity. Overall, changing the head position resulted in an 
increase in background activity in the muscles investigated, although for some 
conditions, the increase was small and not consistent in all phases. The most 
consistent increase throughout was observed in TAi and is illustrated in Fig. 3.  
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Fig. 3 shows the background of the neutral condition compared to the background in 
the other 6 conditions during the 10 phases of the step cycle for a subsample of N=8 
subjects (selected because they all showed reflex responses in TAi). Ipsilateral in 
this context refers to the site of sural nerve stimulation (always the right side). Note 
that in all conditions there is a clear tendency towards higher background activity 
during most of the swing phase but not during the burst at end swing. In phase 7 for 
example, the increase as compared with the neutral position was 7.7, 17.7(*), 4.6, 
16.1(*), 11.8(*), and 11.3% for ipsi- and contralateral rotation, ipsi- and contralateral 
lateroflexion, extension, and flexion, respectively (significant responses (Wilcoxon 
signed-rank test) are marked with an asterisk (*)). In contrast. in phase 10, the 
responses were the same or slightly decreased in most conditions. The results were 
Fig. 3 Difference in background activity between the condition with the head straight ahead and 
the other 6 directions during the 10 phases of the step cycle in TAi. Results are averages of the 
subjects with reflex responses in TAi (N=8). *Significant differences (P<0.05) between two 
conditions. 
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very similar in the contralateral TA, in which a maximum increase was seen of  
18.0%  with increases being present in all 6 conditions (not illustrated). Table 1 
shows for each muscle the mean differences between the control condition and the 
other 6 head positions over the 10 phases. Only when the mean differences were 
above noise level (estimated at  2 % of maximum), they were included in the table. 
Increases in background activity due to adopting a different head position than the 
control position are indicated with “+”, whereas decreases below the 2% level are 
indicated with “-“. A χ2-test was used to test significance. In the population of 
responses above noise (indicated by + or -) it was assumed that there is a 50/50 
chance of ending up either as + or -. The data indicated, however, that there were 
significantly more positive than negative responses (P<0.05).  
 











TAi + + + +  + 
BFi + +  + + + 
STi  + +   + 
GMi +      
TAc + + + + + + 
BFc + + +  + + 
STc  + +  + + 
GMc + +     
The overall increase in activity in TA suggested that the subjects lifted the feet 
slightly higher in the swing phase during the various conditions. If so, one would 
expect to find some extra activation in knee flexors such as BF and ST as well. 
Indeed, BFi showed increases in background activity up to 25.1% (see also table 1). 
These were seen during end swing and the beginning of stance and they were 
significant in 5 out of 6 conditions. STi showed a maximum increase of 23.0% 
(increases in 5 out of 6 conditions). The contralateral side showed very similar 
results (maximum increase of 10.3% and 19.0% for BFc and STc, respectively; 
increases present in 11 of the 12 cases). Also in GM, increases in background 
Table 1 The mean differences in background activity between the control condition and the other 
6 head positions over the 10 phases. Only differences larger than 2.0% are given. Increases in 
background activity due to another head position are indicated with “+”, while decreases are 
indicated with “-“. 
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activity were observed, although the differences were smaller and less consistent in 
GMi as compared to GMc (4 out of 6 conditions for GMi and 6 out of 6 for GMc). As 
increases in background activity were observed in all muscles, it means that there is 
increased co-contraction.  
 
8.3.3 Reflex activity 
The general effect on reflexes differed depending on the muscle involved. 
Ipsilaterally the largest differences in reflex responses were seen in BF. This is 
illustrated in Fig. 4. 
Fig. 4 Difference in modulation of the reflex responses between the condition with the head 
straight ahead and the other 6 directions during the 10 phases of the step cycle in BFi. Results are 
averages of the subjects with reflex responses in BFi (N=7). *Significant differences (P<0.05) 
between two conditions. 
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In the various head turned conditions it is clear that reflex responses were of smaller 
amplitude as compared to the control condition (“forward”). The reductions in 
amplitude occurred mostly in phases 3 through 10. Especially in the early swing 
phase some remarkable reductions were seen, with decreases up to 41.7%. In 
contrast, in early stance (phase 1 and 2 of the step cycle) there was a (non 
significant) increase of the reflex shown in 4 out of the 6 head positions compared 
with the neutral position. These two phases corresponded with the beginning of the 
stance phase, in which the foot just touched the ground.  
Contralaterally, the most consistent decreases in reflex responses in the head turned 
conditions were observed in TA. The mean decrease was 9.9% (SD 2.0). 
The mean differences in reflex responses between the control condition and the 
other 6 head positions over the 10 phases are shown in table 2. In general, it can be 
seen that different head positions resulted mostly in decreases of the reflex 
responses (N=25), although there were some exceptions (N=5). The overall 
decrease in reflex activity was significant when analyzed with the χ2-test (significantly 
more negative scores than the expected 50/50% level; P<0.05). 
 











TAi - +     
BFi - -  - - - 
STi  -    - 
GMi - +   +  
TAc - - - - - - 
BFc - - +   - 
STc - - - - - - 
GMc - +     
 
Table 2 The mean differences in reflex responses between the control condition and the other 6 
head positions over the 10 phases. Only differences larger than 2.0% are given. Increases in 
background activity due to another head position are indicated with “+”, while decreases are 
indicated with “-“. 
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8.3.4 Direction specific changes 
The question remains whether the changes in reflex responses were mostly 
nonspecific change (all head turn directions result in the same changes in reflex 
responses) or specific (the direction of the head position defines the reflex 
amplitude). To answer this question, subtracted reflex responses of opposite head 
positions were compared in each phase of the step cycle. Thus, 45° rotation 
ipsilateral was compared with 45° rotation contralateral; 20° lateroflexion ipsilateral 
with 20° lateroflexion contralateral; and 45° flexion with 45° extension.  
Although there were a few subjects showing some significant direction specific 
changes, at the group level, there was almost no significant effect. The most 
prominent and steady differences throughout the step cycle were observed between 
the two rotation and the two lateroflexion conditions in BFi, although this was only 
significant in one phase in the lateroflexion conditions. Fig. 5 shows the difference 
between these two rotation conditions for a single subject (the one with the largest 
differences between the two conditions) and for the whole group.  
Fig. 5 Difference in reflex responses between two opposite directions, i.e. ipsi- and contralateral 
rotation, during the 10 phases of the step cycle in BFi. A. Results of one subject. B. Results of the 
group (N=7). 
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Both the single subject and the group showed larger reflex responses for the head 
rotated contralateral as compared to ipsilateral throughout most phases of the step 
cycle. The comparison between head flexion and extension for BFi responses did 
not show such clear differences between two opposite head positions.  
 
8.4 Discussion 
All conditions with turned head resulted in higher background activity during walking 
as compared  to walking with the head straight ahead. This effect was present in all 
muscles studied, but most pronounced in TA.  
The overall increase in EMG amplitude in both agonist and antagonist muscles 
implicates that the walking movements were made more forcefully and possibly with 
more co-contraction in agonists and antagonists. This general effect is what one 
expects if these head turning positions coincide with a mild form of stress for these 
subjects, possibly related to postural uncertainty. Indeed, general elevation in EMG 
background level has been observed in a number of situations in which some kind of 
“stress” was involved (Meulenbroek et al., 2005). 
A second major result was that the sural nerve musculocutaneous (P2) reflexes were 
also clearly affected by the head turned conditions, but in an opposite way. Mostly, 
reflex reductions were observed. In general, it is known that the strength of these 
sural nerve reflexes is task-dependent (for review, see Zehr and Duysens, 2004). 
For example, Duysens et al. (1993) found that the amplitude of these reflexes was 
larger during running than during standing. More recently, the group of Zehr has 
described several task conditions with various amounts of postural stability 
(normally; arms crossed; while receiving perturbations; arms crossed and receiving 
perturbations; with the hands holding to fixed handles) which clearly affected reflex 
strength (Haridas et al., 2005). In these experiments they found that reflexes evoked 
with superficial peroneal nerve stimulation showed marked facilitation during the 
most unstable walking condition in 4 of the 7 muscles tested. In comparison, our 
results (using a different nerve for stimulation) mostly induced suppression of reflex 
responses both in ipsi- as in contralateral muscles under conditions which were more 
unstable (turned head). This difference can be explained in various ways, for 
example due to a difference in stimulated nerve (sural nerve versus superficial 
peroneal nerve) or due to differences in used body parts (head versus arms). 
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Furthermore, when facilitatory responses were present, these were often smaller 
during turned head conditions than in control trials, especially in BFi. As the 
amplitudes of the reflex responses usually depend on the level of background 
activity, the decrease in reflex amplitude observed in the present study is in contrast 
with the general increase in background activity.  
The overall suppression of the reflex responses (when a difference in head position 
resulted in a change in reflex amplitude) could be related to a greater complexity of 
the task. By holding the head in a different (less comfortable) position compared with 
normal walking, the task becomes more complex. More attention is needed for 
walking, so that there is less attention for external disturbances (i.e. the stimulus). 
This could result in a suppression of the reflexes. In addition to this suppression, the 
muscles with a striking reduction in reflex amplitude showed a facilitation of the reflex 
activity in the beginning of the step cycle. In this period of the step cycle the foot 
touches the ground. At that moment it is important that appropriate load bearing is 
possible. Suppression of the reflexes in this period could result in a decrease of load 
bearing function. Consistent with these results, Bent and colleagues observed a 
phase-dependent modulation of the vestibular input during walking (Bent et al., 
2004). They found that foot placement was dependent on the time when  galvanic 
vestibular stimulation was delivered. Therefore, it is possible that the results of the 
present study reflect an upregulation of the vestibular system at heel contact. 
Probably heel contact is the moment when the central nervous system can use the 
most complete sensory information (two feet are in contact with the ground). 
Most of the studies about the influence of head position on reflexes deal with the 
soleus H-reflex. In these studies, facilitation of the reflex by an ipsilateral head 
movement and suppression by a contralateral head movement was observed 
(Traccis et al., 1987; Hayes and Sullivan, 1976). In the present study, a difference in 
reflex amplitude was sometimes  observed as well, when two opposite head 
directions were compared. According to primitive reflexes, particularly the 
asymmetric tonic neck reflex (ATNR), one would expect that extensors are facilitated 
(and flexors suppressed) on the side towards which the head is turned. In the 
present experiment, there were only significant changes in background activity in BFi 
for the two opposite rotation directions, but no significant changes in reflex activity. 
Thus the present results are not in line with the studies on the H-reflex.  
The origin of the modulating influences has to be sought in the changed sensory 
input related to the changed head position. Since vision was held as constant as 
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possible (midline fixation), the sources to be identified are related to the vestibular 
organ and the neck receptors. 
 
8.4.1 The vestibular organ 
It has already been proven that the vestibular organ can play a role in the modulation 
of reflexes (Allum and Honegger, 1998; Bacsi and Colebatch, 2004; Kennedy and 
Inglis, 2002). Lateral tilting in man results in inhibition of the soleus H-reflex in the 
ipsilateral leg and facilitation in the contralateral leg (Aiello et al., 1992). The 
importance of the vestibular organ with regard to the responsiveness of reflexes was 
also proven by investigations using galvanic stimulation of this organ (Kennedy and 
Inglis, 2002). Recently, Fitzpatrick et al. (2006) electrically evoked a head-fixed 
virtual rotation signal from semicircular canal nerves as subjects walked in the dark 
with their head held in different orientations. Depending on head orientation, they 
could either steer walking by "remote control" or produce balance disturbances. The 
authors suggested that the brain resolves the canal signals according to head 
posture into earth-referenced orthogonal components and uses rotations in vertical 
planes to control balance and rotations in the horizontal plane in order to navigate. In 
the present experiments, the subjects had full vision, however, which explains why 
no lateral deviation  in the heading direction was perceived, even not with the head 
turned sideways. 
 
8.4.2 Neck receptors 
Neck receptors are considered important with respect to the modulation of reflexes 
as well. Traccis and colleagues, for example, showed that the H-reflex amplitude 
was progressively facilitated for contralateral rotation in respect to the recording side 
and conversely inhibited for ipsilateral rotation (Traccis et al., 1987). The results 
indicate that neck receptors of one side enhance the excitability of the contralateral 
soleus motoneurons and depress the ipsilateral ones. In addition, Chuang and 
colleagues observed significant changes in soleus H-reflex during active neck flexion 
(Chuang et al., 1997). However, in the present study study, most probably, there is 
an interaction between the vestibular system and the neck receptors, in which they 
complement each other in the modulation of reflexes. Aiello and colleagues (1992), 
for example, observed that asymmetric tonic neck reflexes and tonic labyrinth 
reflexes act on upper and lower limb muscle tone asymmetrically and in the opposite 
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directions. In the present study, it is not possible to quantify the contribution of both 
vestibular system and neck receptors. 
 
8.4.3 Conclusion 
Walking with a turned head resulted in an overall increase in background activity as 
compared to walking with the head straight ahead. The reflex responses were also 
clearly affected by the head turned conditions, but in an opposite way. The overall 
suppression of the reflex responses might be related to a greater complexity of the 
task. Changes in sensory input related to head position are probably the basis for the 
differences in reflex responses. Since vision was held as constant as possible 
(midline fixation), the sources to be identified are likely related to the vestibular organ 
and the neck receptors. 
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In this thesis, seven studies are described which all focussed on a better 
understanding of the function of reflexes during walking. In particular, the phase-, 
experience-, and task-dependent aspects of reflexes were investigated. In the next 
sections, the results and conclusions of all experiments are summarized.  
 
Chapter 2: Phase-dependent modulation of short latency cutaneous reflexes 
during walking in man 
To study the phase-dependent modulation of the P1 reflexes, electrical stimulation of 
the sural nerve was given to 52 healthy subjects. About 14% of all subjects showed 
P1 responses in biceps femoris. These responses could be either suppressive or 
facilitatory. The suppressive responses were most common and they occurred 
primarily at end swing. When a subject showed both suppressive P1 and P2 
responses, the P2 suppressions were stronger than the P1 suppressions (as 
measured in the same phase at end swing). However, the P2 suppressions were 
less consistent across subjects than the P1 suppressions. In some subjects there 
were also facilitatory P1 responses, mostly throughout stance (when facilitatory P2 
responses occured as well). These facilitatory P1 responses were consistent across 
experimental conditions in these subjects. Similar to the cat, the facilitatory P1 
responses were much smaller than the facilitatory P2 responses. It is concluded that 
P1 and P2 reflexes can appear independently from each other but that their 
modulation in the step cycle is quite similar in some phases of the step cycle (end 
swing). 
 
Chapter 3: Cutaneous reflexes from the foot during gait in hereditary spastic 
paresis 
This chapter describes a study to investigate the role of the motor cortex and the 
cortico-spinal tract in the P2 cutaneous reflexes and their modulation during gait. 
Therefore, reflex responses of tibialis anterior (TA) and biceps femoris (BF) after 
sural nerve stimulation in 10 patients with hereditary spastic paraparesis (HSP) were 
compared with those in 10 healthy subjects. Both patients and controls showed a 
phase-dependent modulation of P2 responses. For the individual muscles, no 
significant difference in reflex activity was observed between HSP-patients and the 
controls. However, when all muscles were taken together, the reflex activity for the 
controls was significantly higher than for the patients. The results of this study 
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suggest that the cortico-spinal tract is involved in the regulation of the amplitude of 
the P2 responses and their phase-dependent modulation. 
 
Chapter 4: Suppression of cutaneous reflexes by a conditioning pulse during 
human walking 
In this chapter, it was investigated whether cutaneous P2 reflexes can be 
suppressed by giving a brief pulse prior to the reflex-evoking pulse given to the same 
nerve. To examine this question, sural nerve stimulation (train of five pulses) was 
applied during different phases of the step cycle. The preceding pulse (single pulse 
of 1 ms at same intensity) was applied to the same nerve 150 ms before the reflex-
evoking pulse train. Conditioning stimulation with a single pulse significantly lowered 
the subsequent reflex response in the ipsilateral tibialis anterior (TA) but much less 
in other muscles such as biceps femoris. The preceding pulse did not disturb the 
phase-dependent modulation or the typical reflex reversal. The finding that TA is 
selectively involved indicates that the suppressing mechanism may involve the motor 
cortex, which is known to be strongly involved in the control of TA. The conditioning 
pulse did not cause a reduction in background activity. Therefore, the suppression of 
the reflex responses points to a premotoneuronal source such as presynaptic 
inhibition. 
 
Chapter 5: Cutaneous reflexes during walking are reduced when self-induced 
The cortex is thought to be involved in the control of reflexes during gait, but it is 
unclear whether it plays a role in the phase-dependent modulation of these reflexes. 
To determine the effect of voluntary control of stimuli, cutaneous reflexes were 
elicited by sural nerve stimulation in 16 phases of the gait cycle in healthy subjects. 
The stimuli were triggered either by the computer or by the subjects themselves. In 6 
out of 7 subjects it was observed that the facilitatory responses in leg muscles were 
smaller and the suppressive responses were more suppressive following self-
generated stimuli. In some muscles such as TA (tibialis anterior) both effects were 
seen (reduced facilitation at end stance and exaggerated suppression at end swing). 
In all subjects the modulation of anticipatory influences was muscle specific. In the 
main group of 6 subjects, the mean reduction in reflex responses was strongest in 
the TA (max 30.7%; mean over 16 phases was 12.5%) and weakest in PL (peroneus 
longus, max 10.1%; mean over 16 phases was 2.6%). The observation that 
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facilitation is reduced and suppression enhanced in several muscles is taken as 
evidence that anticipation of self-induced reflex responses reduces the excitatory 
drive to motoneurones, for example through presynaptic inhibition of facilitatory 
reflex pathways. 
 
Chapter 6: A new method to study arm-unloading responses during gait 
In this chapter, a new method was introduced to study sudden unloading of the arm 
during walking with crutches. A custom-made crutch was designed, which contained 
contact sensors and which can be suddenly shortened after a trigger pulse from a 
computer. The resulting unloading produces reliable responses consisting of 
suppression of activity in some antigravity muscles (such as pectoralis) during 
walking on a walkway. On a treadmill, startle-like responses prevailed, mostly in 
muscles which are primarily involved in fixing the crutch in the armpit (such as biceps 
brachii). It is concluded that these responses bear many similarities with those seen 
after unloading of leg muscles, as observed in other types of experiments. This 
supports the idea that neural control of unloading responses in arms and legs relies 
on similar mechanisms.  
 
Chapter 7: Self-induced arm unloading responses are smaller than externally 
triggered ones during walking with crutches 
To investigate the question whether responses due to mechanical stimuli can be 
decreased when the stimuli are self-triggered, subjects walked with crutches on a 
treadmill. One of the crutches could collapse just after touchdown, either on 
command of the subjects themselves or when triggered externally by a computer. 
Three responses were detected (R1, R2, and R3) occurring respectively at latencies 
of 0, 70, and 145 ms after full unloading. It was observed that all muscles 
investigated showed a pattern of reduction in the subject-evoked responses as 
compared to the computer-triggered ones. The reduction in EMG amplitude was 
usually largest in the first period following collapse and the difference subsided in 
later periods (36, 22, and 17% reduction for R1, R2, and R3, respectively). In 
contrast, no reduction was found in the background activity preceding the onset of 
the self-induced perturbation. The earliest response showed strong habituation in the 
externally triggered, but not in the self-induced trials. It was concluded that these 
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earliest responses are startle-related and that anticipation primarily leads to 
reduction of their startle component.  
 
Chapter 8: The influence of head position on cutaneous reflexes during 
walking in man 
In this study, the influence of head position on the phase-dependent modulation of 
cutaneous P2 reflexes during walking was investigated. Therefore, sural nerve 
stimulation was applied during walking with the head fixed in seven different head 
positions. The eyes were fixed at a central mark right in front of the subjects. Walking 
with the head turned resulted in higher background activity as compared to walking 
with the head straight ahead. This was observed for all turned head positions and 
most pronounced in tibialis anterior. The reflex responses were also clearly affected 
by the head turned conditions, but in an opposite way. Mostly, reflex reductions were 
observed. This was most pronounced in biceps femoris. Although there were a few 
subjects showing some significant direction-specific changes, at the group level, 
there was no significant effect. The overall suppression of the reflex responses could 
be related to a greater complexity of the task. Changes in sensory input related to 
head position are probably the reason for the differences in reflex responses. Since 
vision was held as constant as possible (midline fixation), the sources to be identified 
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In dit proefschrift worden zeven onderzoeken beschreven die zich allemaal focussen 
op een beter begrip van de functie van reflexen tijdens het lopen. In het bijzonder 
zijn de fase-, historie- en taak-afhankelijkheid onderzocht. In de volgende alinea’s 
worden de resultaten en conclusies van alle experimenten samengevat. 
  
Hoofdstuk 2: Fase-afhankelijke modulatie van huidreflexen met een korte 
latentietijd tijdens lopen.  
Om de fase-afhankelijke modulatie van P1 reflexen te bestuderen, werd een 
elektrische stimulatie van de suralis zenuw gegeven aan 52 gezonde proefpersonen. 
Ongeveer 14% van alle proefpersonen lieten P1 reflexen zien in de biceps femoris 
spier. Deze reflexen konden zowel suppressief als facilitatoir zijn. De suppressieve 
responsen kwamen het meeste voor en dit was vooral te zien tijdens het eind van de 
zwaaifase. Wanneer een proefpersoon zowel suppressieve P1 als suppressieve P2 
reflexen had, dan waren de suppressies van de P2  sterker dan die van de P1. De 
P2 suppressies waren echter minder consistent over de verschillende proefpersonen 
dan die van de P1. Sommige proefpersonen lieten ook facilitatoire P1 reflexen zien. 
Dit was vooral het geval tijdens de standfase, wanneer er ook facilitatoire P2 
reflexen waren. Deze P1 reflexen waren consistent over verschillende experimentele 
condities. Zoals in de kat waren de facilitatoire P1 reflexen veel kleiner dan de 
facilitatoire P2 reflexen. Er kan geconcludeerd worden dat P1 en P2 reflexen 
onafhankelijk van elkaar kunnen voorkomen, maar dat hun modulatie in de 
stapcyclus vaak overeenkomt, vooral aan het eind van de zwaaifase.  
 
Hoofdstuk 3: Huidreflexen van de voet tijdens lopen in patiënten met 
Hereditaire Spastische Paraparese 
Dit hoofdstuk beschrijft een studie waarin de rol van de cortex en de cortico-spinale 
baan bij de modulatie van P2 reflexen tijdens lopen wordt bestudeerd. De reflexen 
van 10 patiënten met hereditaire spastische paraparese,  opgewekt door stimulatie 
van de suralis zenuw, werden vergeleken met de reflexen van 10 gezonde 
proefpersonen. De reflexen werden gemeten in de tibialis anterior en biceps femoris 
spieren. Zowel de patiënten als de gezonde proefpersonen lieten een fase-
afhankelijke modulatie van de P2 reflexen zien. Er was geen verschil in reflex 
activiteit tussen de patiënten en de gezonde proefpersonen wat betreft de individuele 
spieren. Wanneer alle spieren samengenomen werden, dan was de reflex activiteit 
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voor de gezonde proefpersonen significant hoger dan voor de patiënten. Deze 
resultaten suggereren dat de cortico-spinale baan betrokken is bij de regulatie van 
de amplitude en de fase-afhankelijke modulatie van de P2 reflexen.  
 
Hoofdstuk 4: Suppressie van huidreflexen door een conditionerende puls 
tijdens lopen 
In dit hoofdstuk is onderzocht of de amplitude van huidreflexen verminderd kan 
worden door een korte puls voor de reflex-opwekkende puls te geven aan dezelfde 
zenuw. Om dit te onderzoeken werd er een elektrische stimulatie (vijf pulsen achter 
elkaar) gegeven aan de suralis zenuw tijdens verschillende fasen van de stapcyclus. 
De conditionerende puls (1 puls) werd aan dezelfde zenuw gegeven, precies 150 ms 
voor de normale stimulatie. De conditionerende puls verminderde de reflex 
significant in de ipsilaterale tibialis anterior (TA) spier. In de andere spieren, zoals de 
biceps femoris, was dit veel minder te zien. De conditionerende puls verstoorde de 
fase-afhankelijke modulatie of de typische reflex omkering niet. Het feit dat de TA 
selectief betrokken is, suggereert dat de motor cortex meespeelt bij het verminderen 
van de reflex amplitudes. Van de cortex is bekend dat deze betrokken is bij de 
controle van de TA. De conditionerende puls gaf geen vermindering in achtergrond 
activiteit. Daarom wordt gedacht aan een premotoneurale basis, zoals 
presynaptische inhibitie, voor de vermindering van de reflex amplitude.   
 
Hoofdstuk 5: Huidreflexen tijdens lopen zijn gereduceerd wanneer ze 
opgewekt worden door de proefpersoon zelf 
Van de cortex wordt gedacht dat deze betrokken is bij de controle van reflexen 
tijdens lopen. Het is echter niet duidelijk of de cortex ook een rol speelt in de 
modulatie van de reflexen tijdens de stapcyclus. Om het effect van vrijwillige controle 
van stimuli te onderzoeken, werden huidreflexen opgewekt door stimulatie van de 
suralis zenuw tijdens 16 fasen van de stapcyclus. De stimuli werden of door de 
proefpersonen zelf, of door de computer getriggerd. In 6 van de 7 personen werd 
gevonden dat de facilitatoire reflexen kleiner en de suppressieve reflexen meer 
suppressief waren wanneer de stimuli door de proefpersonen zelf waren 
gegenereerd. In sommige spieren, zoals de tibialis anterior (TA), waren beide 
effecten te zien (verminderde facilitatie tijdens het eind van de standfase en meer 
suppressie tijdens het eind van de zwaaifase). De modulatie van de invloed van 
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anticipatie was in alle proefpersonen specifiek voor de spier. In de groep van 6 
personen was de gemiddelde vermindering van de reflex amplitude het grootste in 
TA (maximaal 30.7%; gemiddeld over 16 fasen 12.5%). De vermindering was het 
kleinste in de peroneus longus spier (maximaal 10.1%; gemiddeld over 16 fasen 
2.6%). Het feit dat de facilitatie van de reflexen werd verminderd en de suppressie 
werd versterkt, wordt als bewijs gezien dat anticipatie van zelf gegenereerde 
reflexen de exitatoire drive naar de motoneuronen vermindert. Dit kan bijvoorbeeld 
door presynaptische inhibitie van facilitatoire reflex banen.  
 
Hoofdstuk 6: Een nieuwe methode om responsen te bestuderen na een 
plotselinge vermindering van de belasting in de arm tijdens lopen 
In dit hoofdstuk wordt een nieuwe methode geïntroduceerd om plotselinge 
vermindering van belasting in de arm tijdens lopen met krukken te bestuderen. Een 
zelf ontwikkelde kruk is ontworpen met verschillende contact sensoren. De kruk kan 
plotseling inkorten na een trigger van een computer. De resulterende vermindering in 
belasting veroorzaakte voornamelijk suppressieve responsen in enkele spieren die 
tegen de zwaartekracht inwerken (zoals de pectoralis spier), tijdens lopen over de 
grond. Tijdens lopen op een loopband werden vaker startle-gerelateerde responsen 
gezien, vooral in spieren die voornamelijk betrokken zijn bij het fixeren van de kruk 
(bijvoorbeeld de biceps brachii spier). Er wordt geconcludeerd dat deze responsen 
veel overeenkomsten vertonen met de responsen zoals ze zijn gevonden na 
vermindering van belasting in de beenspieren, beschreven in andere soorten 
experimenten. Dit ondersteunt het idee dat eenzelfde mechanisme ten grondslag ligt 
aan de neuronale controle van responsen na vermindering van belasting in zowel de 
armen als de benen.  
 
Hoofdstuk 7: Zelf opgewekte responsen na een plotselinge vermindering van 
de belasting in de arm zijn kleiner dan extern getriggerde verstoringen tijdens 
lopen met krukken 
Dit hoofdstuk behandelt de vraag of responsen na mechanische stimuli kunnen 
worden verminderd als de stimuli zelf gegenereerd zijn. Om dat te onderzoeken 
liepen proefpersonen met krukken op een loopband. Een van de krukken kon 
plotseling inkorten, net na contact van de kruk met de grond. Dit kon getriggerd 
worden door de proefpersoon zelf of extern door de computer. Drie responsen 
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werden gevonden (R1, R2 en R3) met latentietijden van 0, 70, en 145 ms na 
volledige inkorting van de kruk. Alle spieren lieten een vermindering in amplitude 
zien bij de zelf gegenereerde responsen in vergelijking met de computer getriggerde 
responsen. Deze reductie in amplitude was het grootste in de eerste periode na 
inkorten en werd steeds kleiner in de latere periodes (36, 22 en 17% reductie voor 
R1, R2 en R2). In tegenstelling tot dit werd er geen reductie in achtergrond activiteit 
gevonden in de periode voor de volledige inkorting van de kruk. De vroegste 
responsen lieten sterke habituatie zien bij de extern getriggerde conditie, maar er 
was geen habituatie in de zelf getriggerde responsen. Er wordt geconcludeerd dat 
de vroegste responsen startle gerelateerd zijn. Anticipatie zorgt primair voor de 
vermindering van deze startle component.  
 
Hoofdstuk 8: De invloed van de positie van het hoofd op huidreflexen tijdens 
lopen 
In deze studie wordt de invloed van de positie van het hoofd op de fase-afhankelijke 
modulatie van P2 reflexen bestudeerd. Proefpersonen kregen elektrische stimulatie 
van de suralis zenuw tijdens lopen met het hoofd gericht in 7 verschillende posities. 
De ogen werden gefixeerd op een centraal punt recht voor de proefpersoon. Lopen 
met het hoofd in een gedraaide positie zorgde voor een hogere achtergrond activiteit 
dan met het hoofd recht vooruit. Dit werd gezien in alle hoofd posities en het was het 
meest uitgesproken in de tibialis anterior spier. De algemene verhoging in activiteit 
suggereert dat het lopen gepaard ging met een grote mate van co-contractie. De 
reflexen werden ook beïnvloed door de positie van het hoofd, maar in een 
tegengestelde manier. Vooral een vermindering van de reflex amplitude werd 
gezien. Dit was het meest uitgesproken voor de biceps femoris spier. Hoewel er 
enkele proefpersonen waren die een paar significante richting afhankelijke 
veranderingen lieten zien, was er in de hele groep geen significant richting 
afhankelijk effect. De algemene vermindering van de reflexen kan gerelateerd 
worden aan een grotere complexiteit van de taak. Veranderingen in sensore input 
gerelateerd aan de positie van het hoofd vormen waarschijnlijk de basis voor de 
verschillen in reflexen. Omdat de visus zo veel mogelijk constant gehouden werd, 
moet er vooral aan het vestibulair systeem en de nek receptoren gedacht worden.  
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onderzoek naar de invloed van het gewicht en de heuphoek op reflexen. Na haar 
afstuderen in 2001 begon zij met een Europees dwarslaesie onderzoek bij de Sint 
Maartenskliniek in Nijmegen. Dit in samenwerking met academisch ziekenhuis 
Balgrist in Zwitserland. Daarnaast begon ze haar promotieonderzoek over reflexen 
tijdens lopen. Een groot deel van het werk voor dat onderzoek heeft zij verricht op de 
afdeling Biofysica van de Katholieke Universiteit Nijmegen. De resultaten staan 
beschreven in dit proefschrift. Het laatste jaar van haar promotie heeft zij volbracht 
op de afdeling Revalidatiegeneeskunde aan het universitair medisch centrum St. 
Radboud in Nijmegen.   
Per 1 september 2006 werkt zij als Clinical Data Coordinator bij Novartis in 
Amsterdam, waar zij participeert in clinical trials voor vaccins. 
